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Lay Summary

Cryptococcus neoformans is a fungal organism which causes life threatening diseases
in peoples with reduced immunity. Cryptococcus is commonly found in nature.
Infection begins when people inhale this fungus which colonise inside the lungs.
Cryptococcus can form enlarged cells (Titans) with multiple sets of genetic information
(chromosomes). These enlarged cells can easily fight the human immune defence.
These enlarged cells make relatively small daughter cells which sometimes have
abnormal sets of chromosomes termed as aneuploidy. How this unusual cell division
occurs has been a long-standing question.

This study of cell division control helps to understand how cells monitor and
ensure proper division to generate one cell with identical genetic information from
another. These monitoring mechanisms are known as cell cycle checkpoints. The
consequences of abnormal cell division could be fatal for cells. We studied
Cryptococcus to assess the cell division control mechanism for better understanding
of its unusual cell division during the course of infection.

This study mainly focuses on the checkpoint proteins, Mad1 and Mad2. These
two proteins have been reported to contribute to proper mitotic control in other
organisms. We found both proteins work as a monitoring protein for the confirmation
of proper chromosomal division before a cell divides. We were able to gain a better
understanding of the contribution of Mad1 to the overall workings of the mechanism.
We further found that both Mad1 and Mad2 are important for Titan cells viability. This
knowledge will provide an increased understanding of checkpoint proteins in Titan
cells and this advancement of knowledge may eventually contribute to the design of

novel therapies for this pathogenic fungus.



Abstract

Cryptococcosis is a severe fungal infection caused by an opportunistic fungal
pathogen, Cryptococcus neoformans which has been medically significant for more
than half of the last century. This yeast displays noticeable ploidy shifts during in vivo
pulmonary infection. These polyploid cells often generate aneuploid progeny which
has been repeatedly reported as one of the main virulence factors for disease
progression. Given this capability of escaping equal chromosome segregation during
mitosis, they are possibly escaping several cell cycle controls including the spindle
assembly checkpoint. The spindle assembly checkpoint is undescribed in this fungal
pathogen. Therefore, | aimed to understand how this checkpoint signalling contribute
to cell division in C. neoformans. My current aim is to study one of the critical spindle
assembly checkpoint proteins, Mad1, which remains undescribed in this fungal
pathogen. Deletion of mad1 and mad2 in Cryptococcus showed sensitivity to anti-
microtubules drugs. Microscopy and microfluidics data revealed that the mad71 and
mad?2 mutants were unable to maintain mitotic arrest in response to such drugs. Both
proteins were also found to be important for Titan cell viability. Mad1 showed
localisation to unattached kinetochores of arrested cells. Purified Mad1 complexes
showed interactions with other checkpoint proteins Bub1, Mad2, Cdc20 and Mps1, by
co-immunoprecipitation and mass spectrometry. | believe that several of these
interactions are driven by phosphorylation. | found Mad1 to be phosphorylated by
recombinant Mps1 kinase. | have generated several Mad1 phospho-mutants and
some show defects in checkpoint signalling. Thus, Mad1 protein-protein interactions
could be regulated by kinases such as Mps1, Cdk, Plk1 or Bub1 kinase and this may
affect Mad1 interaction with Cdc20 (the APC/C co-activator). This study leads to a
plausible molecular explanation of Mad1 contribution in MCC assembly (Mitotic
checkpoint complex). The precise in vivo functions of Mad1 and more details of the
underlying molecular mechanisms of spindle assembly checkpoint signalling in this

understudied pathogenic fungus will be discussed.
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Chapter1

Introduction

1.1 General Background

Invasive fungal pathogens are major causes of human mortality and morbidity
(Armstrong-James 2014). These infections are a substantial and growing medical
concern due to an increasing population of at-risk immunosuppressed individuals. It is
estimated that serious fungal diseases affect more than 150 million people worldwide,
causing hundreds of thousands of deaths annually (Bongomin et al. 2017).
Aspergillus, Candida, and Cryptococcus species are fungal pathogens responsible for
a majority of cases of invasive fungal disease. Even with current best antifungal
treatment, mortality associated with invasive fungal disease is high, particularly in
resource limited regions of the world. Commonly used antifungal drugs have various
limitations including off-target toxicity, prohibitive expense, unpredictable
bioavailability, severe side effects, and the emergence of drug resistant fungi (Xie et
al. 2014; Souza and Amaral 2017). Studies to uncover new compounds with effective
antifungal activity are needed, particularly those with broad spectrum activity and low
toxicity.

Diseases caused by fungal infections remain a great threat in public health.
Opportunistic fungi, including Aspergillus with invasive aspergillosis (Yao 2006),
Cryptococcus with cryptococcosis (Chayakulkeeree et al. 2006; Kronstad et al. 2011),
Pneumocystis with pneumonia, and endemic fungi are the main sources of fungal
infections in the lungs of humans.

The fungal kingdom is divided into seven phyla with the two largest groups put
together in the subkingdom Dikarya: Basidiomycota, (known for specialized
reproductive cells called basidiospores that form at the end of basidia) including
mushrooms, puffballs, and some yeasts, and Ascomycota (characterized by the
formation of sac like structures known as asci in which spores develop and include
truffles and several economically important species of yeast). Cryptococcus
neoformans belong to basidiomycetes fungi which is responsible for causing life-

threatening diseases, cryptococcosis, mostly in immunocompromised individuals.
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1.1.1 Molecular-based Typing.

The genus Cryptococcus includes more than 70 species that demonstrate significant
biodiversity (Kwon-Chung et al. 2014; Desnos-Ollivier et al. 2015). C. neoformans and
C. gattii are the primary pathogenic cryptococcal species for humans and animals.
Both species belong to the C. neoformans species complex (Deepa et al. 2014). Non-
C. neoformans species, such as C. laurentii, C. uniguttulatus, and C. albidus may also
cause infections. Other Cryptococcus species are less pathogenic, possibly because
of a weaker capsular structure, but can be fatal in humans as observed in C.
liquefaciens (Takemura et al. 2015). However, C. neoformans var. grubii VNI is
responsible for most of the global cases of cryptococcosis, ranging from 63 — 95%,
while only 3-9% of all other cases are caused by all the other species subgroups.
Molecular typing of different clinical isolates has suggested this virulence of different
species (See Table 1.1) (Gonzalez-Hilarion et al. 2016).

Cryptococcus classification is primarily based on serotypes, which is
determined by specific capsular antigens present outside Cryptococcus cell walls, and
by molecular genotyping, which further defines diversity at the sub-species and sub-
variety level. The C. neoformans-C. gattii species complex is divided into the following
serotypes: C. neoformans var. neoformans = serotype D, C. neoformans var. grubii =
serotype A, a mixed C. neoformans = serotype AD (diploid hybrid) and C. gattii =
serotype B or C. Modern molecular technologies and genomic analyses suggested
both C. neoformans and C. gattii as distinct species (Faganello et al. 2009).

Whole genome sequencing (WGS) (D’Souza et al. 2011), has allowed for the
identification of eight major molecular types among the cryptococcal species in the
world: VNI (AFLP1) and VNII (AFLP1A/B) for C. neoformans var. grubii serotype A
isolates, VNIV (AFLP2) for C. neoformans var. neoformans serotype D isolates, VNIII
(AFLP3) for hybrids between the serotypes A and D, and VGI (AFLP4), VGII (AFLP6),
VGl (AFLP5) and VGIV (AFLP7) for C. gattii serotype B, and C isolates.
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Table 1.1: Overview of C. neoformans and C. gattii species nomenclature.

Existing species Name | Serotype | Genotype(s) | Species hame as proposed by
Hagen et al. 2015

Cryptococcus A VNI /VNII/ | Cryptococcus neoformans
neoformans var. grubii VNB
Cryptococcus D VNIV Cryptococcus deneoformans

neoformans var.

neoformans

Cryptococcus inter- AD VNIII Cryptococcus neoformans

variety hybrid Cryptococcus deneoformans

hybrid

Cryptococcus gattii Band C | VGI Cryptococcus gattii
VGl Cryptococcus deuterogattii
VGl Cryptococcus bacilisporus
VGIV Cryptococcus tetragatii

VGIV/VGIlIc | Cryptococcus decagattii

1.1.2 Global distribution of Cryptococcosis.

C. neoformans species complex was isolated in different areas of the world, like
Europe, Korea, India, Venezuela, Singapore, China, Brazil from different
environmental sources (Chan et al. 2014; Chee et al. 2003). All seven pathogenic
species complex of C. neoformans and C. gattii species can be found across Europe,
Asia, North and South America and Oceania. C. neoformans VNI is the most prevalent
worldwide among seven other Cryptococcus species (Table 1.1). C. neoformans VNI
is the most clinically significant Cryptococcus species (Cogliati 2013).

C. neoformans is found ubiquitously throughout the world in association with
excreta from certain birds such as pigeons and 16 environmental scavengers such as
sowbugs (Steenbergen and Casadevall 2003) and in a diverse tree species. This
pathogenic fungus is also ubiquitously found in soil worldwide. The first direct evidence
that C. neoformans species complex is present in the soil was demonstrated by
Emmons in 1951 (Emmons 1951).
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1.2 Cryptococcus neoformans

Cryptococcus neoformans was first isolated in 1894 concurrently from two distinct
sources i. e. human bone infection and from fermented peach juice (Sanfelice, 1894).
This fungus was then described as a ‘Saccharomyces-like” organism (Sanfelice, 1894;
Busse 1894). In 1901, Jean-Paul Vuillemin retitled these pathogenic fungi as
“Cryptococcus neoformans” (Srikanta et al. 2014). C. neoformans is now described as
one of the thirty-nine species of the genus Cryptococcus (Ma et al. 2009). According
to genotypic differences, C. neoformans is further classified into two varieties: C.

neoformans var. neoformans and C. neoformans var. grubii.

Figure 1.1: Scanning electron microscopic view of C. neoformans. (A) C.
neoformans grown in rich media, Sabouraud. (B-D) Enlarged titan cells isolated form
pulmonary infection (Scale bar from B applies to C-D) (Adapted from Zaragoza et al.,
2010).

As mentioned in previous section, the most common natural habitat of
Cryptococcus are ligneous environments such as hollows in eucalyptus trees,
decayed woods, soil, bird’s excreta etc (Sampaio et al. 2007). Cryptococcus has also
been found in arctic climates and under conditions of extremes of pH. Some

Cryptococcus species are also pathogenic to some animals and typically cause
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infections in the airways and meninges. Cryptococcus usually enters through the
respiratory tract (Kronstad et al. 2011). Cryptococcus infections have been reported
in a broad range of animals, including dogs, cats, birds, horses, and koala bears.
(Malik et al. 2011). Examples of cryptococcosis in animals include Cryptococcal
rhinosinusitis in dogs and cats, lower respiratory tract cryptococcosis in koala, and
cryptococcal mastitis in cattle. Birds are mainly carriers of Cryptococcus and
contribute to its spread but rarely become infected themselves. (Lin and Heitman
2006).

1.3 Cryptococcosis

Cryptococcosis was first described in 1894, when the pathologist Otto Busse and
physician Abraham Buschke jointly identified Cryptococcus spp. They found this
fungal infection as the cause of a chronic granuloma of the tibial bone in a 31-year-old
woman. However, human cryptococcosis was not recognized as a major health threat
until the onset of the AIDS pandemic in the 1980s, during which these fungal infections
became a common AIDS-defining illness in patients with greatly reduced immune
functions.

Cryptococcosis is a group of life-threatening fungal infections caused by mainly
two species of encapsulated budding yeast Cryptococcus. This includes Cryptococcus
neoformans and Cryptococcus gattii, ubiquitously found in the environment. Unlike
other pathogenic fungi from the Ascomycota group such as Candida albicans,
Candida glabrata, Aspergillus fumigatus, Histoplasma capsulatum and Coccidioides
immitis, Cryptococcus species are basidiomycetes. The distinctive features that
separate them from Ascomycota are their characteristic, thick, polysaccharide rich,
extracellular capsule, the ability to produce melanin and the enzymatic activity of
pathogen derived urease and phospholipase B (Chayakulkeeree et al. 2011; Kwon-
Chung et al. 2014).

The leading clinical manifestations of cryptococcosis are mainly affecting the
central nervous system (CNS), causing cryptococcal meningitis (Gibson et al. 2015).
Pulmonary cryptococcosis is also common whereby human lungs are infected. In
addition, Cryptococcus also affects other organs include eyes, skin, prostate, and
bone (Maziarz and Perfect et al. 2016). Cryptococcal meningitis patients usually show

signs of headache and fever, lasting around two weeks. Other common signs include
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nausea, vomiting, impaired visual acuity and cranial nerve involvement. These
symptoms may exacerbate without treatment and eventually lead to seizures, mental

changes, reduced consciousness or even coma (Limper et al. 2017).
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Figure 1.2: Overview of cryptococcal infection. Crypfococcus is common in the
environment from where it can easily transmit into humans. Infection starts upon
inhalation of Cryptococcus, either the desiccated yeast cells or spores from
environmental sources, including soil, eucalyptus trees, bird excreta, decaying
woods etc. Inhaled fungi colonize alveolar spaces and cross the blood-brain barrier
via bloodstream, disseminating to the central nervous system (CNS) where

cryptococcal meningitis may develop. (Figure generated with Biorender.com).

1.3.1 Risk factors of Cryptococcosis.

C. neoformans poses a serious threat to individuals with compromised immune
systems (Boyer-Chammard et al. 2019). Immunocompromised individuals include
poorly controlled HIV, patients on immunosuppressive therapies for organ
transplantation or as a result of chemotherapy, treatment with monoclonal anti-
inflammatory antibodies, and other immune deficiencies.

HIV infection is the major risk factor for C. neoformans infection, and the
following development of cryptococcal meningitis. HIV infection, if left uncontrolled,
can significantly decrease an individual's CD4" T cell count, resulting in the

development of AIDS (Acquired Immune Deficiency Syndrome). This compromised
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immune system leaves individuals highly vulnerable to opportunistic fungal pathogens
such as C. neoformans.

Solid organ transplant patients often undergo a long course of immune
suppressive treatment such as cyclosporine and corticosteroid that are prescribed to
prevent organ rejection. These solid organ transplants are also considered as another
major risk factor for C. neoformans. On average, 3% of solid organ transplant patients
will develop an opportunistic fungal infection within the first year of transplant. C.
neoformans accounts for 7-8% of these fungal infections (Dang et al. 2021).

Most cryptococcosis cases were seen in cancer patients until the HIV epidemic
of the 1980s. The malignancies linked to Cryptococcus infection are predictably those
that involve immune cells (or tissues where immune cells develop) such as leukaemia,
lymphoma, and myeloma (Maziarz and Perfect 2018; Hajjeh et al. 1999; Perfect and
Casadevall 2002; Perfect 2015). With the gradual progression of cancer, the immune
system becomes depleted of inappropriately functioning white blood cells resulting in
an immune deficient state. The severity of C. neoformans infection in cancer patients
is often mitigated by the under-lying malignancy. In addition to the above-mentioned
major risk factors, there are a few less common risk factors that may increase the
likelihood that an individual be susceptible to C. neoformans infection. These factors
include cirrhosis and methamphetamine use (Baughman and Lower 2005).

Recent emergence of SARS-CoV-2 has increased the number of patients
taking immune-modulatory therapies. These patients develop impaired immunologic
response (lymphopenia and a paucity of peripheral T cells) associated with SARS-
CoV-2 (Giamarellos-Bourboulis et al. 2020; Tay et al. 2020). Few cases of COVID-19
patients have been reported with cryptococcosis (Baddley et al. 2021; Chastain et al.
2022). However, it is not yet understood whether cryptococcosis represents a
superinfection in these cases and there is an association between cryptococcosis and
COVID-19.
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1.3.2 Treatment of Cryptococcal infections.

First line of treatment includes induction therapy for cryptococcosis includes a
combination therapy of flucytosine and amphotericin B (Stone et al. 2019; Perfect et
al. 2010). This is usually two weeks treatment with amphotericin B (0.7 -1 mg/kg/day)
and flucytosine (100 mg/kg/day) followed by maintenance therapy, 8 to 10 weeks of
fluconazole (400 mg/day). Flucytosine, a fluorinated pyrimidine, was identified to have
antifungal activity against C. albicans infections in 1963 (Grungberg et al. 1963) and
anticryptococcal activity in 1968 (Tassel and Madoff 1968). Flucytosine is actively
imported into the fungal cells where it is metabolised into 5-flurouracil (5-FU) within
the fungal cells. The 5-flurouracil is extensively incorporated into fungal RNA. This
antifungal agent thus inhibits fungal protein synthesis following incorporation into
fungal RNA. Amphotericin B, a secondary metabolite polyene produced by
Streptomyces nodosus, was discovered in 1953 to have antifungal activity to
Coccidioides and Histoplasma capsulatum (Dutcher 1968). This antifungal agent
works by binding to ergosterol in the fungal cell membrane. This results the formation
of pores, ion leakage and ultimately fungal cell death (Stone et al. 2016). Since the
1960’s, Amphotericin B has been used to treat deep seated cryptococcal infections in
patients symptomatic for cryptococcal meningoencephalitis. However, intravenous
treatment is required rendering this antifungal agent less attractive to developing
countries (Dutcher 1968; Perfect 2010). The maintenance therapy includes,
Fluconazole, which is a fluorine-substituted, bis-triazole antifungal agent. It interrupts
the conversion of lanosterol to ergosterol and subsequent disruption of fungal
membranes (Wambaugh et al. 2020).

Recent progress has been made for the development of immunotherapy and
vaccines. A pioneering work established that a monoclonal antibody specific for the C.
neoformans polysaccharide capsule was protective against cryptococcal infection in
mice (Dromer et al. 1987). Given this, antibodies against conserved structures on the
cryptococcal cell have been targeted as potential therapeutic strategies (Rachini et al.
2007). A major challenge for vaccine development is that the vaccine needs to be
effective in immunocompromised individuals, particularly those deficient in CD4+ T
cells.

Treatment of Cryptococcosis is complicated by the fact infections usually

occurs alongside serious medical conditions such as HIV or cancer, species of
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Cryptococci involved and whether a patient is currently taking immunomodulatory
medication. In addition, cryptococcal infections mostly occur in poor countries which
are resource limited areas. Even with readily available treatments, cryptococcal
meningitis has an unacceptably high mortality rate (Perfect et al. 2010). Synergistic
combination therapy is also used to inhibit both extracellular and intracellular growth
and diminish cryptococcal growth burden in the CNS, therefore reducing meningitis.
However, treatment requires intravenous injection is expensive and may induce
toxicity within the patient. This makes it difficult to use effectively in remote areas
where the disease is prevalent (Perfect et al. 2010; Stone at al. 2019).

The rising magnitude of antimicrobial resistance is a cause of worldwide
concern, particularly for fungal infections with limited treatment options. Antifungal
drug resistance affects not only global population health, but also costs associated
with healthcare and gross domestic product (GDP) (Benedict et al. 2019).
Development of drug resistance in the human fungal pathogen C. neoformans, which
causes a projected one million symptomatic infections each year, could have an
overwhelming impact on human health. Only recently have studies begun to unravel
the complex process leading to antifungal drug resistance (Altamirano et al. 2017;
Chang et al. 2018).

The development of novel antifungal molecules remains a considerable
challenge, as most compound libraries have been intended to maximize their ‘drug-
like’ properties with respect to mammalian targets and physiology. However,
antifungal drugs require distinctive physicochemical properties, due to the need for
these molecules to transverse the fungal cell wall. Although huge progress has been
made in understanding the host immune response to infection, but how this process
is modulated by Cryptococci to show latency, dissemination, and proliferation within
the host individuals largely remain to explore. However, despite these advances,
cryptococcosis remains a major global killer, causing hundreds of thousands of deaths
per year, and the anti-cryptococcal drug arsenal remains limited. Henceforth, there is
renewed focus on research leading to unearth detailed molecular events for
pathogenesis. These advanced understanding of the pathogenesis of Cryptococcus
spp. might offer new opportunities for developing therapeutics beyond the traditional

approaches of killing the fungal cells.
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1.3.3 Virulence factors of Cryptococcus neoformans.

Virulence is described as an ability of an organism to infect the host and cause a
disease (Sharma et al. 2017). More specifically, virulence is the relative ability of a
microorganism to cause disease and consequently, virulence is a microbial property
that can only be expressed in a susceptible host. Therefore, virulence is not an
independent microbial property, because it cannot be defined independently of a host
(Casadevall and Pirofski 2009). Over the course of infection, C. neoformans is able to
produce virulence factors, including a polysaccharide capsule, melanin, and
extracellular enzymes, as well as thermotolerance to 37°C (Trevijano-Contador et al.
2018).

The polysaccharide capsule surrounding Cryptococcus cell body is one of the
most critical virulence factors of C. neoformans, causative of approximately 25% of
the total virulence composite. Strains deficient in capsule formation has been reported
to be non-virulent. The structure of capsules is highly dynamic and complex. The
capsule increases its size inside the lung once infections successfully colonize into
the alveoli (Feldmesser et al. 2001). Capsules protect this pathogen from
phagocytosis by macrophages due to enhanced size of the cells. Capsule structure
and size reflect the extracellular environment. Unlike the large capsule sizes in yeast
cells isolated from lung tissues, capsules from brain samples show small sizes.
(Charlier et al. 2005). There are several conditions which stimulate capsule
enlargement in vitro. These includes oxygen deprivation, mammalian serum
(Zaragoza and Casadevall 2004), low iron, 5% CO2, mannitol and nutrient starvation.
Polysaccharide capsules are well known to help protect C. neoformans from
desiccation and oxidative stress (Zaragoza et al. 2019).

Melanin is a biological pigment which also contributes as a key virulence factor
in C. neoformans. It is a highly ordered polyphenolic and/or polyindolic biological
compound. Melanin is found in diverse living organisms, including animals, fungi, and
bacteria (Nosanchuk and Casadevall 2003). Melanin has a negative charge, high
molecular mass, and is hydrophobic in nature. These physicochemical properties of
melanin help to mediate a variety of cellular functions, such as thermotolerance and
reactive oxygen species (ROS) resistance, that act as a protection for fungal

pathogens from radiation and host immune reactions (Kwon-Chung et al. 1986).
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Overall, this pigment allows organisms to adapt to diverse, severe environmental
conditions.

Laccase is one of the enzymes contained in the extracellular vesicles of both
C. neoformans and C. gattii. This enzyme has been reported as a critical virulence
factor (Rodrigues et al. 2008). Other virulence factors associated with C. neoformans
infections include urease, phospholipase production and thermotolerance.
Thermotolerance permits C neoformans to survive and multiply at human body
temperature 37 °C. The optimal and maximum growing temperatures of C.
neoformans are 32 °C and 40 °C respectively. It is often considered to be more

thermotolerant than its other non-pathogenic genus (Perfect JR 2006).

1.3.4 Infectious life cycle in human.

In the environment, C. neoformans predominantly exists as a unicellular budding yeast
which multiplies through budding. As a vegetative yeast, it has a cell diameter ranging
from 4-10 ym and a thick polysaccharide rich capsule associated with its cell wall.
(Kronstad et al. 2011). A morphological change is seen in the sexual cycle of C.
neoformans, which leads to growth as a hyphal fungus. These hyphal sections contain
spores, size ranging from 1-2 ym. Spores get released from hyphal segments into the
environment. As C. neoformans is ubiquitously found in the environment, exposure to
this pathogen usually occurs early in life through inhalation of either spores or
desiccated yeast cells. Such exposure is typically asymptomatic, this is because
Cryptococcus is either cleared or becomes dormant inside the host. Serological
studies revealed that most humans have been exposed to this fungal pathogen before
they reach the age of five, because of its ubiquity nature in the environment (Goldman
et al. 2001). However, respiratory infections can get established in humans upon
inhalation of infectious spores or desiccated yeasts (Casadevall and Perfect 1998).
Inhaled spores may reach the lower airways and pulmonary alveoli. The preliminary
interaction between cryptococcal spores and the innate immune response of the
alveolar macrophages determines further progress of the disease inside host lungs.
These spores are ideally phagocytosed by the macrophages of the immunocompetent
individual. Unfortunately, C. neoformans and C. gattii have evolved mechanisms that
resist phagocytosis by macrophages, which help to either escape or maintain

dormancy within the macrophage (Johnston and May 2013). Thereby, this fungus
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proceeds to disseminate throughout the body in response to weak immune response
and to pass through the blood-brain barrier via bloodstream to invade the central
nervous system (CNS). There are few possible methods that Cryptococcus uses to
transverse the endothelium of the blood-brain barrier including trojan mechanism,
lateral transfer and transcellular (Dromer and Levitz 2014; Santiago-Tirado et al.
2017). In immunocompetent individuals, the formation of granuloma in the lungs
prevents further infection, but an inability to clear initial infection promotes
dissemination of fungal cells to the CNS in immunocompromised individuals (Kronstad
et al. 2011; Shourian and Qureshi 2019).

1.4 Atypical cell divisions inside lungs produce Titan cells.

Cryptococcus cells in its most predominant yeast forms are typically 4-7 pm in
diameter. But deeper insight into infectious traits of this pathogen inside human lungs
disclosed that, this pathogen undergoes an atypical transition from haploid yeast-
phase growth to size expansion and endoreduplication, producing enlarged (cell body
size more than 10 um), highly polyploid cells termed as Titan cells. This phenomenon
has been observed in animal and insect models of cryptococcosis, as well as in human
lung and brain infections (Okagaki et al. 2010; Zaragoza et al. 2010).

Around 10-20% of the total cryptococcal population inside human lungs form
Titan cells during the initial pulmonary infection (Okagaki et al. 2010). These titan cells
are distinguishable from normal-size cells due to several characteristics. Firstly, titan
cells have an altered capsule structure that’s polysaccharide, highly cross-linked and
cannot be sheared by physical and chemical methods from the cryptococcal cells.
Secondly, the cell wall of titan cells including capsule is around 30 to 50 times thicker
than the cell wall of normal-size cells, revealed by transmission electron microscopy
(TEM). Thirdly, Titan cells show resistance to oxidative and nitrosative stresses which
are comparable to stresses employed by phagocytosis to kill the pathogenic organism.
Fourth, the cell size of Titan cells is large enough to resist phagocytosis by host
immune cells inside the lungs (Okagaki LH 2010). Lastly, titan cells are predictably
polyploid (= tetraploid or 4C) (Zaragoza et al., 2013).

Until recently, these Titan cells were only observed in human and in mouse

models. Recent studies demonstrated in vitro culture conditions can generate Titan
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cells as well (Dambuza et al. 2018; Hommel et al. 2018; Trevijano-Contador et al.
2018).

" Endoreduplication

/'S

Haploid yeast

A

Polyploid Titan cells

B

Aneuploid (Titanoid)

C

Figure 1.4: A schematic depiction of atypical cell division of C. neoformans. (A)
In environment, Cryptococcus exist as a typical haploid budding yeast which divides
through budding. (B) Whilst inside the lungs, C. neoformans transform into large
polyploid titan cells. Higher set of ploidy is mostly attributed by endoreduplication as
the nucleus remains mononucleated in titan cells. (C) Titan cells generate a mixture
of subpopulations. Most commonly small ‘micro cells’ often termed titanoids. Several
recent studies suggested some of these small, atypical cells would be aneuploid and

more resistant to antifungal therapeutics (Zaragoza et al. 2013).
There is growing evidence of the contribution of Titan cells in initial disease

establishment in lung and further progression. Titan cells may also be involved in

resistance to therapeutics (Okagaki et al. 2012; Gerstein et al. 2015). This is because
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they are not killed by phagocytic activity and exhibit even more resistance to oxidative
stress, resulting in a reduced rate of phagocytosis. This leads to decreased pulmonary
clearance and possibly increased dissemination (Okagaki et al. 2012; Crabtree et al.
2012). Overall, titan cells contribute to virulence of C. neoformans through various
mechanisms, such as polarization of Th2-type immune response (Garcia-Barbazan et
al. 2016; Crabtree et al. 2012), replication (Gerstein et al. 2015; Garcia-Rodas et al.
2011), resistance to oxidative and nitrosative damage and escaping from
phagocytosis (Zaragoza et al. 2010, Okagaki et al. 2012).

Furthermore, these titan cells show atypical cell division cycle. They undergo
asymmetric division of their DNA contents and produce disproportionately small
haploid, diploid, or aneuploid daughter cells (Dambuza et al. 2018; Gerstein et al.
2015). Titans have been reported to generate a relatively small-sized subpopulation
namely “micro or titanoids” cells, that are smaller than 1 ym in diameter (Zaragoza et
al. 2011). Although much less research has been done on these micro cells, they are
a distinct cell type that has been seen during human infections, and it is believed that
they may cross biological barriers more readily because of their relatively small size.
Therefore, these cells contribute greater dissemination of the pathogen to other body
sites particularly central nervous system (CNS) (Feldmesser et al. 2001; Fernandes
et al. 2018). Micro cells are seen in several C. neoformans varieties and genotypes
but have not been observed in species of the C. gattii complex (Fernandes et al.
2016). Recent studies have further identified cells with unusual, irregular
morphologies in some Cryptococcus strains. These can be tapered and oval-shaped
or elongated and of a more pseudo-hyphal form. Their presence in clinical isolates has
been linked with higher antifungal tolerance but decreased virulence, which suggests
they may promote persistence in the host (Fernandes et al. 2018; Fernandes et al.
2016). However, this unusual cell division cycle results in a mixed population which
is heterogenous for both ploidy and size. These abnormal heterogenous population

has critical implications for drug resistance and immune evasion (Gerstein et al. 2015).

28



1.4.1 Endoreduplication: an alternative cell cycle program that generates

polyploidy.

C. neoformans is usually found in the haploid state with 14 chromosomes and
reproduces both sexually and asexually (Albertin et al. 2012). As mentioned in
previous section, dramatic ploidy changes have been observed during infection with
formation of polyploid Titan cells. Polyploid Titan cells make up around 20% of the
infectious population within the host tissue (Feldmesser et al. 2001; Ene et al. 2014).
The molecular mechanisms underlying polyploid division and how polyploidy
contributes to genome stability still remain largely unknown. A better understanding of
this process would provide insight into the pathological role of polyploidy. Polyploidy
is often hypothesized as an outcome due to endoreduplication. Endoreduplication is
an evolutionarily conserved cell cycle program during which, cells replicate their
genomes without division, resulting in polyploid cells (Shu et al. 2019).
Endoreduplication is often results from the alteration of cyclin proteins as is
observed in D. melanogaster and human hepatocytes (Salle et al. 2012; Dudas et al.
2003). Recent work identified cell cycle regulation in C. neoformans leads to Titan cell
formation and the resulting polyploidy. Using homology to known cyclins and cyclin
dependent kinases (CDKs), cyclin, CIn1 was identified as a key regulator of Titan cell
formation. CIn1 is reported to important for banalcing DNA replication and the G2
arrest. In absence of CIn1 expression, majority of cells were found to arrest in G2 and

induce endoreduplication to form polyploid Titan cells (Altamirano et al. 2021).
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1.5 The cell cycle.

The cell is the fundamental building block of all living organisms. All cells have arisen
from another cell via cell division. The first complete description of the cell is generally
credited to Robert Hooke. He described cells whilst studying a slice of cork under a
microscope, noticed small and regular units. These repeated units were described like
an empty honeycomb (Turner 1890). Over the years, the discoveries, and
contributions of many biological scientists, including Louis Pasteur, Robert Remak,
Rudolf Virchow, Matthias Schleiden and Theodor Schwann, together led to the
disproval of spontaneous Generation Theory, and the worldwide acceptance of the
Cell Theory.

All living organisms undergo cell division which is a fundamental process in the
growth and proliferation of organisms. All living organisms are derived from a single
cell via the process of cell division cycle, and this is required for the continuation of the
germ line and the production of somatic cells to build and maintain individuals. The
significance of accurate cell division has been known for well over a century ever since
Virchow’s statement “omnis cellula e cellula” in 1855 (all cells come from cells). In
eukaryotes, there are basically two types of cell division: mitosis, where each of the
two duplicated daughter cell is genetically identical to their mother cell; and meiosis,
where the number of chromosomes in the daughter cells is changed by half to
generate haploid gametes, and where the genetic information might not be identical
to their mother cell after recombination.

The eukaryotic cell division cycle is described as the highly regulated and
ordered set of events that leads to the duplication of a eukaryotic cell (Alberts et al.
2008). It is a well characterised process in eukaryotes and starts with the genome
replication in S. cerevisiae, occurring during the DNA synthesis phase (S phase). This
S phase is followed by the mitotic (M) phase which ensures duplicated chromosomes
accurately segregate into individual daughter cells. These phases are separated by
distinct gap phases (G1 and G2), providing additional time for proper cell growth and
regulation of the progression to the next cell cycle stage. The time duration between
two M-phases, which consists of G1-, S- and G2-phase, is also called interphase
(Figure 1.7).
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1.6 Mitosis.

A mitotic phase (M phase) can be further divided into five separate stages: prophase,
prometaphase, metaphase, anaphase, and telophase in S. cerevisiae. Prophase is
the initial phase of mitotic phase and the longest phase which occupies more than half
of the duration of mitosis. The condensation of the homologous chromosomes occurs
following DNA replication. These replicated sister chromatids are held together by a
cohesion ring complex which is enriched at the centromere. Centromere is the region
where kinetochore assembled later and connect the sister chromatids with the
microtubules. At the same time, the duplicated centrosomes (or spindle pole bodies in
yeast) reorganise the microtubule networks and move apart toward the cell poles.

The initiation of prometaphase is characterized by the nuclear envelope
breakdown (NEBD) (where open mitosis happens) with further condensation of the
chromosome. The complete kinetochore starts assembling at the centromere regions
on sister chromatids and begin recognizing and binding with the microtubules emanted
from the spindle poles. Prometaphase is followed by metaphase where the condensed
chromosomes align along the equatorial plate of the cell. In addition, the bi-oriented
kinetochores are attached with kinetochore microtubules to generate the bipolar
spindle with proper tension to segregate.

Anaphase is the shortest event in mitosis. In anaphase, the cohesion ring
complex holding the sister chromatids is cleaved to release them and separate the
sister chromatids. The segregated sister-chromatids are then pulled apart to the two
opposite poles of the stretched cell through the forces generated from the bipolar
spindle and the astral microtubules. At this stage, the cleavage furrow also begins to
form (FitzHarris 2012; Maiato and Lince-Faria 2010). During telophase, the newly
separated and de-condensed chromosomes start to be embraced by a new nuclear
envelope membrane, and most of the spindle fibres disappear from the microtubules

on the midbodies. Schematic details of these events are shown in Figure 1.5.
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Figure 1.5: Overview of the stages of mitosis and CDK-Cyclin complexes. (A)
Schematic representation of mitosis including its different sequential stages. In
mitosis, cells undergo prophase, prometaphase, metaphase, anaphase, telophase
and finally cytokinesis to complete the nuclear and cytoplasmic division. DNA is
represented in blue, kinetochores in red, mitotic spindle in green and the nuclear
envelop in black dashed lines. (B) Different cyclin-Cdk complexes are expressed
during different phases of the cell cycle.
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The eukaryotic cell cycle is governed by the cyclin-dependent-kinases (CDKs) which
in combination with their regulatory subunits, cyclins, drive the cell cycle by their
oscillating actions. Cyclin-dependent-kinases (CDKs) are a conserved group of serine-
threonine kinases whose enzymatic activity is dependent on association with cyclin
subunits (Harashima, Dissmeyer, and Schnittger 2013; Hochegger, Takeda, and Hunt
2008). Cdks were first described in S. pombe by the work of Paul Nurse back in 1975
(Nurse, Thuriaux, and Nasmyth 1976). In higher eukaryotes, different cyclins activate
specific Cdks during particular phases of the cell cycle: G1 (Cyclin D), S phase
(Cyclins E and A), and mitosis (Cyclins B and A). Figure 1.5B depicts which different

cyclin-Cdk complexes are expressed during different phases of cell cycle.

1.7 Mitosis in Cryptococcus.

Significant differences in the order of events and process of kinetochore assembly can
exist between unicellular yeast and multicellular metazoan. A schematic of the details
of the events in the stages of mitosis in C. neoformans is depicted in figure 1.6. Similar
to other basidiomycete yeasts, nuclear division occurs within the daughter cells in the
pathogenic budding yeast, C. neoformans (Kozubowski et al. 2013). Migration of the
whole nucleus of mother cell to daughter (bud) has been confirmed by following GFP-
tagged Histone variant H4 shift into daughter nucleus (Kozubowski et al. 2013).
Following nuclear division within the daughter cells, half of the nuclear mass migrated
back into the mother cell, and the other half remain in the daughter. Ordered
kinetochore assembly and open mitosis where the nuclear envelop breakdown are
characteristics of metazoan mitosis. In non-dividing cells, kinetochores are usually
clustered in hemiascomycetous budding yeast such as S. cerevisisae and C. albicans
(Kozubowski et al. 2013). Similar to most metazoan, kinetochores are not clustered in
C. neoformans (see figure 1.6). Furthermore, regarding nuclear envelop breakdown
in mitosis, C. neoformans shows atypical mitosis from other budding yeasts and
metazoa. The nuclear envelope opens partially during mitosis in C. neoformans
resulting in a semi-open mitosis (Kozubowski et al. 2013). A comparison of the events
of mitotic division between C. neoformans and other systems has been shown in

Figure 1.6.
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Figure 1.5: Key events during mitotic cell cycle in C. neoformans. (A) A model
showing clustering of centromeres, a continuing change in kinetochore architecture,
and the changes in nuclear envelope dynamics during the progression of the cell
cycle in C. neoformans. The budding index at every stage was estimated by
measuring the comparative bud size of at least 100 cells. (B) A schematic comparing
key mitotic events in S. cerevisiae, C. neoformans and humans (Adapted from

Kozubowski et al. 2013).
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1.8 Cell cycle checkpoints.

In order to maintain genomic integrity, cells need to maintain fidelity of cell division
cycle with very high accuracy. The cell has evolved several cell cycle control systems
to make sure that all the cell cycle events occur at the correct time and in the correct
order (Murray & Kirschner, 1989). The whole cell cycle control system safeguards cell
cycle progression at three major checkpoints (Figure 1.7). Checkpoints are defined as
the monitoring system in the cell cycle at which progression to the next stage is closely
checked. Sensing the improper completion of the existing phase, checkpoint signalling
can block cells progression into the later stage (Sullivan and Morgan 2007). The first
checkpoint signalling begins at late G1-phase is called “start” in yeasts (equivalent to
the Restriction point in vertebrates). In this stage, cells commit to entry into the cell
cycle and genome duplication (Hartwell, 1974). The second checkpoint monitors the
G2 to M phase transition. This checkpoint trigger early mitotic events only if DNA
replication has been successful and fix any DNA damage happened. The third
checkpoint signalling exists in mitosis. This checkpoint is call spindle assembly
checkpoint (SAC). The SAC ensures all the sister-chromatids separate only once
proper attachments of all the duplicated chromosomes to the mitotic spindle is

achieved (Musacchio and Salmon 2007).

Cell division: Chromosome segregation
and formation of new daughter cells

SAC
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checkpoint /ﬁz‘\
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Figure legend over the page.
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Figure 1.6: A schematic representation of the eukaryotic cell cycle
checkpoints. In interphase, cell undergoes growth and DNA replication, and then
enters mitosis to complete cell division. The key phases are: first gap phase, G1
where cells grow and prepare for DNA replication. Following this, most of the protein
synthesis and DNA replication occurs in S phase. S phase is followed by gap 2
phase, G2 where the cell completes the preparation for cell division. The three main
checkpoints are shown in red line. Details of the spindle assembly checkpoint, SAC
have been described in section 1.8

1.9 Kinetochores: Platform to initiate checkpoint.

Genetic information needs to be precisely transmitted from one generation to the next
generation during cell division. To maintain fidelity of this transmission, each
chromosome must be duplicated accurately and equally segregated into each
daughter cell during each cell cycle. Accurate chromosome segregation during mitotic
cell division depends on a large protein complex, the kinetochore, a term described by
Lester Whylnad Sharp in 1934. The kinetochore assembles as a mega-dalton protein
complex which usually consist of around 100 proteins which ensures accurate
distribution of genetic material into daughter cells (Hori and Fukagawa 2012).
Kinetochore is a highly dynamic platform where changes in composition and
modification happen as mitosis progresses (Musacchio 2015). The kinetochore as a
disc-shaped structure that assembles on a specialized chromatin domain which is
known as centromere. The kinetochore works as a link for chromosomes to
microtubule polymers and plays a key role in controlling chromosome movements and
correct attachments. It also works as a hub for the localization of the signalling
molecules required to control accurate chromosome segregation (Cheeseman and
Desai 2008). Kinetochore appears as a two domain structure under the electron
microscope at metaphase. Two domains are consisting of the inner kinetochore and
the outer kinetochore. The inner kinetochore is built on the centromeric chromatin and
works as a structural platform for the assembly of outer kinetochore. The inner
kinetochore exists in association with centromeres. Whereas the outer kinetochore
interacts with microtubules polymer. The outer kinetochore also plays a crucial role in
binding and sensing microtubule attachments (Cheeseman and Desai 2008; Faesen
et al. 2017). As soon as cells enter mitosis, the outer kinetochore is rapidly assembled

on the platform of the inner kinetochore proteins. Following mitosis, the outer
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kinetochore is rapidly disassembled (Gascoigne and Cheeseman 2013; Nagpal and
Fukagawa 2016; Navarro and Cheeseman 2021). Thus, the mode of action of
kinetochore is highly dynamic as mitosis progresses (Musacchio 2015).

The inner layer of kinetochore includes the centromere-specific histone H3
variant CENP-A and the 16-member CCAN (Constitutive Centromere Associated
Network) structure in vertebrates (Hori et al. 2017). In the budding yeast system, the
CCAN is referred to as the Ctf19 complex (Ctf19C). The homologs for CENP-M and
CENP-R are absent in Ctf19 complex in budding yeast (Figure 1.8). The Ctf19C in
addition includes Nkp1-Nkp2 proteins, which share ancestry with the Mis12CMIND
complex (Biggins 2013; Tromer et al. 2019). The kinetochore composition of the
pathogenic basidiomycete yeast, C. neoformans resembles that of Drosophila
melanogaster or Caenorhabditis elegans where it is predicted to have lost all but
CENP-CMi2 of the CCAN, while retaining CENP-A®*®* and a conserved outer
kinetochore complex (Figure 1.8). However, cryo-EM structure of the human and yeast
CCAN complexes have greatly shaped our understanding of its structure-function
(Pesenti et al. 2022; Yatskevich et al. 2022). The CCAN is observed as a well-defined
complex where its subunits interdigitate rather than forming a network of binary
interactions. Furthermore, the Y-shaped opening structure of the budding yeast
CCANCH19C gypports the CENP-AC%¢4 nucleosomes on either side in a ratio of 2:1. One
feature is conserved across systems is the strong binding to linker DNA by the CENP-
T-W-S-X and CENP-H-I-K modules which partially wrap linker DNA. Therefore, the
CCAN through its tight entrapment of linker DNA provides insights into how the strong
push-pull forces of the mitotic spindle are controlled by the inner kinetochore. Although
the formation of the CCAN on centromeric chromatin is crucial, it is not sufficient for a
complete kinetochore function (Pesenti et al. 2022). This requires the recruitment of

the outer kinetochore as the microtubule interactors via linker members of the CCAN.
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Figure 1.7: Schematic of kinetochore composition and architecture in (A)

human and (B) budding yeast systems. A functional kinetochore is assembled in M-
phase on centromeric chromatin and facilitates interaction with spindle microtubules
to ensure accurate chromosome segregation (Figure adapted from Sridhar S, 2022).
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1.9.1 Outer kinetochore: The KMN network.

The outer kinetochore constitutes site for microtubule attachment, recruitment, and
generation of the spindle assembly checkpoint signalling cascade. The primary
function of the KMN network is to facilitate end-on attachments to spindle
microtubules. This outer kinetochore protein complex also tract depolymerizing
microtubules which helps to transduce spindle forces to move chromosomes. Even
though the whole KMN network functions together to form accurate kinetochore-
microtubule attachments, each component of the KMN network has a distinct
functional role. This outer kinetochore network comprises of the Knl1C, comprising
Knl1 and Zwint-1, the Mis12C, comprising Mis12, Dsn1, Nnf1, and Nsl1, and the
Ndc80, comprising of Spc24, Spc25, Nuf2, and Ndc80 (Figure 1.8), (Cheeseman
2014; Lampert and Westermann 2011; Musacchio and Desai 2017).

Knl1C is a heterodimer consisting of Knl1/Spc105 in fungi and zwint-1 or its homolog
Kre28/Sos7 in fungi. Knl1 is mainly a disordered protein with a coiled-coil region
followed by its C-terminus which consists of tandem RWD domains. The N-terminal
domain of Knl1 which is largely an unstructured region comprises an array of protein
docking sites. These docking sites recruit multiple crucial proteins such as Protein
Phosphatase1, PP1 and Bub1-Bub3. Recruitment of all these proteins to kinetochore
via Knl1 docking sites is critical in regulating kinetochore dynamics, SAC activation,
and error correction (Cheeseman and Desai 2008; Kiyomitsu, Obuse, and Yanagida
2007). Regarding SAC activation, Bub1-Bub3 is recruited via MELT repeats (Met-Glu-
Leu-Thr) on Knl1. This Bub recruitment on Knl1 is critically dependent on the
phosphorylation of the conserved Threonine residue by the Mps1 kinase (Joglekar
2016). In addition, residues in the very beginning of the N-terminus of Knl1 are also
involved in microtubule-binding (Bajaj et al. 2018; Espeut et al. 2012). The second
component of the KMN network which is Mis12C comprising of around 20 nm long
rod-shaped protein. Mis12C is also known as the MIND complex in budding yeast, S.
cerevisiae. Mis12 serves as the scaffold enabling the nucleation of the KMN network
through holding binding sites for both Knl1C and Ndc80 (Maskell, Hu, and Singleton
2010; Petrovic et al. 2010) . Another component of KMN complex is Ndc80, which is
an around 55 nm long-hetero-tetramer. This protein forms the primary microtubule
contact site (DelLuca et al. 2006). The Ndc80 complex is comprised of two sets of

dimers Nuf2-Ndc80, and Spc24-Spc25 that are held close together by the intersecting
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C-terminal a-helical coiled-coil domains in Nuf2-Ndc80 and N-terminal region of
Spc24-Spc25 (Cheeseman and Desai, 2008; Ciferri et al. 2008). The N-terminal region
of both Nuf2 and Ndc80 subunits contain calponin-homology (CH) domains which are
firmly packed in the Ndc80 structure to mediate microtubule attachments (Ciferri et al.
2008; Valverde et al. 2016). In addition, the highly disordered basic N-terminal tail of
Ndc80 has been involved in microtubule binding (Ciferri et al. 2008; Guimaraes et al.
2008). Ndc80 is targeted to the kinetochore and this recruitment is mediated by Spc24-
Spc25 via interactions with either CENP-T or Dsn1-Nsl1 subunits of the Mis12C
(Figure 1.8).

The outer kinetochore also consists of accessory factors outside of the KMN
network. These factors, including the 10-member Dam1 complex or the 3-member
Ska complex, help in tracking radiating microtubules during M-phase (Cheeseman,
2014). Although both are found to be widespread, they are exceptionally diverse in
their conservation throughout eukaryotic evolution (van Hooff et al. 2017). The Dam1
complex is profusely conserved across fungi kingdom, while the Ska complex is
detected in other systems. It is also proposed that components of the Dam1 complex
are analogous of the Ska complex, likely descendants from the same protein complex
in the LECA (Last Eukaryotic Common Ancestor) (van Hoff et al. 2017). Even though
being largely conserved throughout eukaryotic evolution and playing a crucial role in
microtubule binding and SAC components recruitment, a distinct ubiquitously
conserved mechanism to confirm KMN network recruitment at the kinetochore is not
observed. Rather a diversity of associations has been described across eukaryotes,
with systems regularly hosting multiple different pathways.

A recent study has been performed to uncover kinetochore proteins and the
linker proteins between inner and outer kinetochore of C. neoformans in more detail
(Sridhar et al. 2021). The composition of the kinetochore in the fungal kingdom of
Basidiomycota was screened using in silico analysis which suggested that most inner
kinetochore CCAN proteins were lost several independent times. They identified
bridgin which is an outer kinetochore protein, along with all other evolutionarily
conserved kinetochore proteins that are expected to be present in C. neoformans.
Similar to D. melanogaster and C. elegans like kinetochore, it was expected that the
CENP-CMi2 pathway is the single known linker pathway connecting centromeric
chromatin to the outer kinetochore in C. neoformans (Navarro et al. 2021). Bridgin was

found to be recruited to the outer kinetochore but also interacts with centromeric
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chromatin via unstructured domain (Figure 1.9). One interesting difference is that
bridgin is recruited by the outer kinetochore KMN network, whereas previously defined
linker proteins CENP-CMi2 (Petrovic et al. 2016), CENP-T¢" (Schleiffer et al. 2012;
Bock et al. 2012) or CENP-UA™" (Dimitrova et al. 2016), that require other inner
kinetochore components for their recruitment (Musacchio & Desai, 2017). Thus, C.
neoformans showed an alternative pathway initiating at the KMN network to connect

the outer kinetochore with centromeric chromatin (Figure 1.9).

Spindle

Recruitment to the

outer kinetochore (1),
enables centromere DNA
specific binding (2)

Centromeric

DNA
CENP-ACs*
nucleosome
CENP-CM®2

C. neoformans kinetochore
M-phase

Figure 1.8: A schematic of C. neoformans outer kinetochore. In C. neoformans,
CENP-CMi2 s the only conventional linker pathway described. Interestingly, bridgin
(Bgi1) was identified which is recruited to the outer kinetochore by the KMN network.
This kinetochore-specific recruitment facilitates Bgi1 to subsequently interact with
centromeric chromatin through its basic C-terminal motif. Thus, generating a linkage
between the outer kinetochore and centromeric chromatin. Figure adapted from
Sridhar et al. 2022.

In summary, kinetochores provide the principal hub for spindle and microtubule
interactions, a pre-requisite for faithful chromosome segregation. During mitosis,
centromere and subsequent kinetochore assembly are crucial for safeguarding

chromosome biorientation. However, kinetochore attachments to spindle
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microtubules, may also lead to erroneous connections. The cell must first recognise
and destabilise erroneous connections, while also delaying anaphase onset. These
‘error correction’ systems altogether ensure chromosomes can undergo correct
segregation. A failure to achieve this could lead to chromosomal instability (CID),

through errors in faithful chromosome separation.

1.9.2 Kinetochore-microtubules attachments.

Equal partitioning of replicated chromosomes is crucial for upholding genetic integrity
from one generation to the next and is fundamental for life. Faithful chromosome
separation during cell division requires that the sister chromatid kinetochores on each
replicated chromosome are stably and correctly attached to microtubules emanating
from opposite spindle pole bodies before the cell divides (Foley and Kapoor 2013).
Usually, each kinetochore forms multiple spindle attachments depending on
organisms. For instance, fission yeast kinetochores show from 2-4 spindle
microtubules binding and approximately 30 in mammalian cells, with the exception of
budding yeast kinetochore which binds to 1 microtubule (London and Biggins, 2014).
When linked sister kinetochores achieve biorientation, they come under tension due
to pulling forces exerted by the opposing microtubules. Since the initial spindle
microtubule attachment to kinetochores occurs in a stochastic manner, kinetochore
attachments often tend to be error prone, and require several rounds of attachments
and destabilisation in early mitosis (Kitajima, Ohsugi, and Ellenberg 2011). Such
erroneous attachments may result like syntelic attachment where both kinetochores
are attached to the same spindle pole or merotelic attachment where one kinetochore
is attached to both spindle poles. Another erroneous attachment occurs where one
kinetochore is attached to microtubules emanating from one spindle pole resulting
monotelic attachment (Figure 1.10). Such erroneous attachments need to be resolved

to gain biorientation and accurate segregation.
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Figure 1.9: Schematic models of different possible kinetochore-microtubules
attachments in duplicated sister chromatids. The resulting effect on the state of
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The primary site for kinetochore-microtubule attachment is the Ndc80 complex of the
outer kinetochore (DeLuca et al. 2006). Aurora B/Ipl1 kinase phosphorylation of Ndc80
weakens its interactions with microtubules (DeLuca et al. 2006; Zaytsev et al. 2015).
Dephosphorylation of the Ndc80 on the other hand, increases affinity for microtubules
and stabilizes kinetochore-microtubules attachments (Cheerambathur et al. 2017).
Unattached or erroneous attachments (syntelic or monotelic) leaves a tensionless
kinetochore. Ipl1 phosphorylates Ndc80 in response to this lack of tension and results
in dissociation of the Ndc80-microtubules interactions (Akiyoshi et al. 2009). Such
events create an opportunity for those kinetochores to attach to a new microtubule
from the correct spindle pole (Tanaka et al. 2005). These events collectively suggest
for a balance between kinases and phosphatase activities between kinetochores and
microtubules (Cordeiro et al. 2018). The error correction process is also coupled to a
key surveillance mechanism called the SAC. Unattached kinetochores, generated
during error correction, initiate SAC signalling (Lara-Gonzalez et al. 2012; Foley et al.
2013). The SAC ensures all kinetochores of duplicated sister chromatids have stably

gained biorientation before mitotic exit.
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1.10 Spindle assembly checkpoint (SAC) signalling.

The sister chromatids are held together following DNA replication. A multimeric ring
complex, cohesin helps to hold these newly replicated chromatids together. Cohesin
has been suggested to encircle the two sister chromatids through DNA replication
phase and mitosis. Cohesin rings remain intact until cells go through the metaphase
to anaphase transition. During the metaphase to anaphase transition, an enzyme
called separase cleaves the cohesion ring (Uhimann et al. 2000). Separase remains
bound to its inhibitor securin for most of the time during the entire cell cycle. This
securin degradation-dependent separase release is very accurately and timely
controlled through proteolysis of Anaphase Promoting Complex/Cyclosome, (APC/C),
via ubiquitin-mediated proteolysis. The APC/C also controls the degradation of cyclin
B1 to inactivate cyclin-dependent kinase1 (CDK1) which leads to the mitotic exit. This
coordinated securin and cyclin B1 degradation in mitosis is crucial for accurate
separation of the genome into two daughter cells (Lara-Gonzalez et al. 2012). To
achieve this, cells have evolved the SAC, that delays the metaphase to anaphase
transition until all the chromosomes have correctly and stably attached to spindle
microtubules through their kinetochores (Musacchio and Salmon, 2007).

The SAC remains activated until all the condensed chromosomes are
accurately aligned on the mitotic spindle and all sister kinetochores appropriately
attached with microtubules (Jia et al. 2013). This is a crucial pre-requisite for the equal
distribution of the genomic content during mitotic division. SAC failure or premature
SAC silencing can lead to addition or deletion of extra copies of whole chromosome
or parts of chromosome, a phenomenon known as aneuploidy. Aneuploidy is well
accepted as a hallmark of cancer and other genetic disorders (Bharadwaj and Yu
2004). Therefore, understanding the molecular basis of SAC signalling in eukaryotes
is important to understand how genome stability is maintained.

Unattached or improperly attached kinetochores recruit numerous SAC
components to generate a diffusive ‘wait anaphase’ signal which inhibits the APC/C to
prevent premature degradation of securin and cyclin B1, and thus halt anaphase
progression and mitotic exit (Musacchio, 2015; Lara-Gonzalez et al. 2012). However,
spindle assembly checkpoint activation requires a set of checkpoint components,
including Mps1, Bub1, Bub3, Mad1, Mad2, Cdc20 and BubR1 which is yeast homolog

of Mada3,. Initially, they have been identified in yeast, and eventually found conserved
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in most eukaryotic species. Among the above specified checkpoint proteins, Mps1 and
Bub1 are active checkpoint kinases, while human BubR1 is believed to act as a
pseudo-kinase (Suijkerbuijk et al. 2012a). In budding and fission yeast Mad3 does not
even contain a kinase domain, which has been lost via genome duplication over the
course of time. All the SAC proteins above form three constitutive complexes: Bub3-
Bub1, Bub3-BubR1M2%3 and Mad1-Mad2. During mitosis, all checkpoint proteins need
to be recruited to kinetochores to ensure the activation of spindle assembly checkpoint
(Vleugel et al. 2012).

During the initiation of pro-metaphase, the SILK and RVSF motifs of Kn|1Spc105
(yeast homolog is Spc105) firstly gets phosphorylated by Aurora B kinase. Following
this, Mps1 kinase is targeted to kinetochores via the outer kinetochore protein, Ndc80.
Mps1 phosphorylates several MELT-like motifs of Knl15r¢1%5 (Stucke, Baumann and
Nigg, 2004; London et al. 2012; Shepperd et al. 2012). Mps1 activity and MELT like
motif phosphorylation is also sustained by Polo like kinase, (lkeda and Tanaka, 2017).
The kinase activity of Mps1 is further activated through auto-phosphorylation and
phosphorylation by Cell Division Kinase 1, Cdk1 (Morin et al. 2012). All these
simultaneous events possibly help to rapidly establish SAC signalling. Once MELT like
motifs are phosphorylated, Bub3 and Bub1 are recruited to kinetochore via binding to
Knl1Spc105 a5 a heterodimer (Bub3:Bub1). This is followed by Bub3: BubR1Mad3
recruitment to kinetochore (Shepperd et al. 2012; Mora-Santos et al. 2016). Mps1
further phosphorylates Bub1, and this phosphorylated Bub1 allows to recruit
Mad1:Mad2 hetero-tetramer to kinetochores. Mad1 is then further phosphorylated by
Mps1 kinase to stimulate MCC formation (Ji et al., 2017).

Our working model for the spindle assembly signalling cascade in C.

neoformans is depicted in Figure 1.11.
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Figure 1.10: A schematic model of the SAC signalling cascade in
Cryptococcus neoformans. In metaphase, the SAC surveillance mechanism
senses the unattached kinetochores and facilitates the formation of an inhibitory
signal on outer kinetochore. This signalling cascade generates a diffusible active
checkpoint complex, MCC which consists of Bub3, Mad3BuR! Mad2 and Cdc20 in
budding yeast S. cerevisiae. In C. neoformans, Bub1 contains all interacting domains
of Mad3BUR" which is not present Cryptococcus genome. The diffuse MCC signal is
then transmitted to delay mitotic exit and inhibit the onset of anaphase.
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1.10.1 Mps1 phospho-regulation dependent MCC assembly.

Monopolar spindle 1, Mps1 (also known as TTK kinase), a conserved dual-specificity
serine/threonine protein kinase, works as a master regulator of SAC signalling and is
one of the first protein kinases recruited to unattached kinetochores in early mitosis
(Musacchio, 2011). This protein kinase is evolutionarily conserved in different species
from fungi to mammals, with an exception where it is not conserved in C. elegans
which is holocentric. Mps1 has been shown to play an essential role in SAC signalling
in most systems. Mps1 was originally identified in budding yeast as a gene required
for spindle pole duplication (Winey et al. 1991). It has also been found to contribute to
the regulation of chromosome biorientation (Maciejowski et al. 2017; Maure et al.
2007; Saurin et al. 2011) and in the expansion of kinetochores in early prometaphase
(Rodriguez-Rodriguez et al. 2018; Sacristan et al. 2018). Mps1 is also significant in
that its overexpression results in constitutive activation of checkpoint, identifying it as
the principal checkpoint kinase (Hardwick et al. 1996). Mps1 activity is critically
regulated in human cell and yeasts by a cooperative series of events of auto- and
transphosphorylation that appear to be dependent on Mps1 and Plk1 kinases
(Schubert et al. 2015; Hewitt et al. 2010).

Subcellular localisation of Mps1 is both spatially and temporally controlled
throughout cell-cycle progression. Mps1 mainly resides within the cytosol during the
growth phase, G1. In late G2, Mps1 accumulates on centrosomes and the nuclear
envelope (Xu et al. 2009). At the G2/M boundary in mammalian cells, Mps1 enters the
nucleus prior to nuclear membrane breakdown. Nuclear import of Mps1 requires the
N terminus of Mps1. In interphase cells, Mps1 likely shuttles between nucleus and
cytosol continuously (Zhang et al. 2011). When cells move into prophase, Mps1
preferentially associates with kinetochores and is slowly lost until the mitotic exit. Once
cells enter anaphase, Mps1 dissociates from kinetochores (Jelluma et al. 2010).

Upon recruitment to the kinetochore Mps1 kinase dimerises, which allows
trans-autophosphorylation leading to the active kinase activity (Jelluma et al. 2010).
Following activation, Mps1 phosphorylates multiple targets at the kinetochore. During
early mitosis, Mps1 is targeted to kinetochores in an Ndc80-C dependent manner
(Martin-Lluesma et al 2002; Stucke et al. 2002). Once all the sister chromatids are
accurately attached to spindle microtubules in metaphase, Mps1 is released from the

kinetochores. However, Mps1 is asymmetrically distributed at the kinetochore where
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monotelic attachment exist (Ji et al. 2015). It is preferentially enriched at unattached
kinetochores compared to the microtubule-bound kinetochores. Mps1 recognises
unattached kinetochores through its binding to the critical microtubule receptor, Ndc80
complex, when it is not bound by microtubules (Hiruma et al. 2015; Ji et al. 2015).
Activated Mps1 then phosphorylates the conserved Thr residues in MELT (for Met-
Glu-Leu-Thr core consensus) repeat motifs in Knl1/Spc105 complex. This
phosphorylation generates several high affinity binding sites for Bub3 on Knl1/Spc105
and promotes recruitment of a Bub1-Bub3-BubR1-Bub3 heterotetrameric complex to
kinetochores (Vleugel et al. 2013; London et al. 2012; Shepperd et al. 2012;
Yamagishi et al. 2012). Hierarchically, Bub1 binds and recruits Mad1 to kinetochore
in a Mps1 phosphorylation-dependent manner. Mad1 interacts with Bub1 as Mad1-
Mad2 hetero-tetramer (Ji et al. 2017; London et al. 2104; Kim et al. 2012). Mad1-
Mad2 hetero-tetramer complex formation and activation takes place via a templating
mechanism and involves the changeover of an “open” O-Mad2 to a SAC-competent
“closed” C-Mad2 conformation. Mps1 activity is necessary for the activity of both the
Mad1-C-Mad2 complex and continuous O-Mad2 recruitment at unattached
kinetochores during mitosis (Tipton et al. 2013). Mps1 phosphorylated Bub1 and
Mad1 further facilitate Mad2-Cdc20 association and generate active MCC complex.
These functions confirmed a requirement for Mps1 in successful SAC activation,
proper chromosome alignment and finally accurate chromosome segregation (Hewitt
et al. 2010, Maciejowski et al. 2010, Santaguida et al. 2010).

Mps1 is involved in multiple functions throughout the cell cycle, such as
duplicating the microtubule organizing centre (spindle pole body in yeast, few
evidence on centrosome in mammals), controlling the SAC, and re-orienting
chromosomes on the spindle to promote the formation of accurate bipolar
attachments. Higher levels of Mps1 are also critical for cells with elevated ploidy such

as tetraploid cells (Santaguida and Amon 2015).
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1.10.2 Bub proteins in SAC signalling.

Although kinetochore localisation of checkpoint proteins is usually essential for
checkpoint signalling, the precise mechanisms regulating the kinetochore binding and
their specific binding sites within the kinetochore remained unknown until recently. It
has now been recognised that the outer kinetochore protein Knl1Sp¢195 recruits the
Bub3, Bub1 and BubR1Mad® (Mad3 in yeast) checkpoint proteins (Bub proteins)
(Kiyomitsu et al. 2007; Kiyomitsu, Murakami, and Yanagida 2011; London et al. 2012;
Shepperd et al. 2012; Yamagishi et al. 2012; Primorac et al. 2013). Although the
recruitment mechanisms are complex and not yet fully understood, it is now clear that
Bub3 directly binds the phosphorylated MELT motif. Crystallography and additional
biochemical works disclosed that the phosphorylation is essential for a high affinity
interaction between Bub3 and Knl15P¢19 (Primorac et al. 2013), indicating that Bub3
binding to Knl15r¢1%% js the key step in localizing Bub1 to kinetochores. However, Bub1
contributes to stabilizing the Bub3/ Knl15P¢1%5 interaction in vitro (Sharp-Baker et al.
2001; Vanoosthuyse et al. 2004). Bub1 and BubR1Ma%3 gre two related proteins that
are generally required for the checkpoint functioning and are important for kinetochore
biorientation (Campbell et al. 2003; Suijkerbuijk et al. 2012). Bub1 is an active protein
kinase while BubR1 is a pseudo-kinase, and the catalytic domains of both proteins are
apparently required for their biorientation functions (Suijkerbuijk et al. 2012; Fernius
and Hardwick 2007; Kawashima et al. 2010). Consistent with this, the yeast BubR1
related protein, Mad3 lacks the pseudo-kinase domain and has no role in biorientation
(Vleugel et al. 2012). Bub1 and BubR1 bind to Bub3 through a similar Bub3-binding
domains or GLEBS domains. Therefore, both are mutually exclusive since they
associate with the same surface of Bub3.

Although Bub3-Bub1 recruitment at kinetochores is required for the spindle
assembly checkpoint signalling (except from fission yeast (Tange and Niwa 2008;
Vanoosthuyse et al. 2009)), this localisation does not always correlate with the spindle
checkpoint activation. For instance, Bub1 has been detected on early anaphase
kinetochores, which do not generate the spindle checkpoint signal by the time cells
reach anaphase. However, kinetochore recruitment of Mad1-Mad2 complex has been
suggested to correlate with spindle checkpoint signalling. More precisely, Mad1
tethering to the outer kinetochore protein Mis12, prevented its release after

kinetochore-microtubule binding, activated the spindle checkpoint signalling and
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delayed the onset of anaphase (Maldonado and Kapoor 2011). Furthermore,
conditional targeting of Mad1 to the kinetochores (using rapamycin) following
metaphase revealed that Mad1 re-localisation was adequate to reactivate the spindle
checkpoint after it was initially silences (Kujit et al. 2014). The above indicates the
association of Mad1-mad2 complex with kinetochores is an important step for

checkpoint activation.

1.10.3 Mitotic Arrest Deficient1, MAD1.

Mitotic arrest deficient 1 (MAD1) is one of the core mitotic checkpoint genes, first
identified in S. cerevisiae and is evolutionarily conserved among most eukaryotic cells
(Li and Murray et al. 1991; Mathijs et al. 2012). Activation of the spindle assembly
checkpoint (SAC) requires Mad1-Mad2 complexes at incorrectly attached
kinetochores, where the Mad1-Mad2 hetero-tetramer acts as a catalytic hub of the
SAC signalling cascade. Mad1-Mad2 hetero-tetramer complex can generate MCC at
nuclear pores during interphase. This premitotic wait anaphase signal found to enable
merotelic error correction and enhances checkpoint establishment. Mad1 was
reported to use NPC (Nuclear Pore Complex)-mediated scaffolding to control the
speed and fidelity of mitosis well before it or key mediators of kinetochore-microtubule
attachment (Rodriguez-Bravo et al. 2014). Following nuclear envelope breakdown
(not in yeast where closed or semi-open mitosis happens depending on different
species), kinetochore associated Mad1-Mad2 catalyses MCC assembly until all
chromosomes acquire biorientation (London et al. 2014; Musacchio et al. 2015). At
unattached or improperly attached kinetochore, the Mad1-mad2 complex serves as a
template for converting other Mad2 molecules from an open conformation (O-Mad2)
to a closed conformation (C-Mad2). Upon this structural remodelling and conversion
into active C-Mad2, the C-terminal Cdc20-binding site of Mad2 is exposed to enable it
to interact with Cdc20. C-Mad2 then becomes part of the MCC, comprising Mad2,
BubR1Mad3 Bub3, and Cdc20, which binds APC/C®920 (containing a second Cdc20)
and supresses its activity. Once the kinetochores of all sister chromatids are stably
and properly attached to spindle microtubules, the SAC is silenced, Mad1 and Mad2

are stripped away from the kinetochore.
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1.10.4 Kinetochore recruitment of Mad1.

Mad1:C-Mad2 complexes are localised to the nuclear envelope during interphase. C-
Mad2 production peaks only when Mad1:C-Mad2 complex is localised to the
unattached or improperly attached kinetochores (Chen et al. 1998; Tipton et al.
2011a). Therefore, although the interaction between Mad1 (via MadZ2 interacting motif,
MIM) and C-Mad2 does not change in interphase and prometaphase cells, in fact
some mitosis-specific modifications or interactions must have occurred to the Mad1:C-
Mad2 hetero-tetramer, to make it better effective in generating the active form of Mad2,
C-Mad2. Understanding the kinetochore receptor of Mad1 is of great significance to
better uncover the enhanced catalytic activity of the Mad1:C-Mad2 complex in
prometaphase. To characterise kinetochore receptor(s) for Mad1, studies have been
conducted to refine the interacting region in Mad1 is required for kinetochore targeting
and determine the kinetochore targeting dependency relationships of Mad1 to various
proteins. Biochemical studies have uncovered multiple Mad1 interacting proteins. N-
terminal domain of Mad1 was long thought to be responsible for its kinetochore
localisation (Chung and Chen et al. 2002). However, the C-terminal region of this
protein was also found to have a role in Mad1 kinetochore localisation (Kim et al.
2012). Biochemically, Mad1N™ was found to interact directly or indirectly with Ndc80
(Martin-Lluesma et al. 2002), Plk1 (Chi et al. 2008), Nek2 (Lou et al. 2004), TPR
(Lince-Faria et al. 2009), CEP57 (Zhou et al. 2016), and CENP-E (Akera et al. 2015),
whilst the Mad1¢™ binds directly to Bub1 as well as Cdc20 (Ji et al. 2017). In S.
cerevisiae and Caenorhabditis elegans, Bub1 is recruited to kinetochores through
Knl1Spe105 and then Bub1 recruits Mad1/Mad2 by direct linkage with Mad1. But, in
human cells, ROD/ZW10/Zwilch (RZZ) forms a second parallel pathway for Mad1
recruitment to kinetochores (Gina V Caldas et al. 2015). RZZ recruits Mad1 to
kinetochore’s corona (a fibrous crescent that forms around kinetochores to help the
capture of microtubules) (Luo et al. 2018). Recent studies demonstrated that the
master mitotic regulator kinase, Cyclin B1:CDK1 scaffolds Mad1 at the kinetochore
corona to activate mitotic checkpoint. A clear interaction exists between Cyclin
B1:CDK1 and the N-terminus of Mad1 (Jackman et al. 2020; Allan et al. 2020). This
interaction facilitates both Mad1 and CDK1 to localise to unattached kinetochore.
corona localised Mad1 was further confirmed to strengthen SAC signalling. But,

interestingly, CyclinB1:Mad1 recruitment becomes insensitive to Mps1 inhibition once
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the corona has been established (Allan et al. 2020). The impact of disrupting
CyclinB1:CDK1 interactions and inhibiting Mad1 localisation to corona has also been
described recently. Mad2 recruitment to kinetochores has been shown to be delayed
when CyclinB1:CDK1 could not bind Mad1. Therefore, Cyclin B1 is suggested to

scaffold Mad1 at the corona to allow SAC in human (Jackman et al. 2020).

1.10.5 Mad1-Mad2 complex and Mad2 template model.

Mad2 is a HORMA domain protein which adopts both an inactive open (O-Mad2) and
active closed (C-Mad2) conformation. Conversion of Mad2 from the open-to-closed
state is required for entrapment of the MIM (Mad2-interaction motif) of Cdc20 motif.
O-Mad2 exists either as a monomer or in the form of an O-C heterodimer. On the other
hand, C-Mad2 is able to form both the O-C heterodimer and the C-C homodimer (Luo
and Yu, 2008; Mapelli and Musacchio, 2007). The APC/C inhibitory function is only
exerted by dimeric Mad2 (De Antoni et al. 2005; Luo and Yu, 2008). The O-Mad2 can
adopt C-Mad2 conformation only when it is bound to its interacting partners, Mad1,
Cdc20, BubR1Mad3 or another Mad2 (Mapelli and Musacchio, 2007; Luo and Yu, 2008;
Tipton et al. 2011b, Tipton et al. 2011a). Mad2 is expressed throughout the cell cycle.
Most of the Mad2 remains as O-Mad2 in the cytosol in interphase and though a fraction
of Mad2 adopts the C-conformation after binding to one of the important binding
partners, Mad1, and localises on the nuclear envelope membrane (Luo et al. 2002;
Campbell et al. 2001; Kitagawa, 2009). After nuclear envelope breakdown (in
mammalian cells), the Mad1-C-Mad2 complex is enriched on the unattached or
improperly attached kinetochores (Chen et al. 1996). This Mad1-C-Mad2 complex on
kinetochore will then act as a template to recruit additional O-Mad2 from the cytosol
to form a Mad1-C-Mad2-O-Mad2 complex and continuously helps to convert the
conformation of O-Mad2 into closed Mad2 (C-Mad2) (De Antoni et al. 2005). The
“‘Mad2 template” model is depicted in figure 1.12. Upon conformational changes the
newly formed C-Mad2 can interact with Cdc20 through the Mad2-interaction-motif
(MIM) (Sironi et al. 2002). This C-Mad2 and Cdc20 interaction is the rate limiting step
of MCC assembly and is catalysed by Bub1 at the kinetochore (Piano et al. 2021). The
crystal structure of the APC/C bound to MCC in fission yeast (Chao et al. 2012) has
suggested that BubR1Mad3  Cdc20 and Mad2 bind cooperatively to the APC/C, with
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each of the three-proteins helping the MCC association of the other two subunits,

creating a stable core MCC complex.
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Figure 1.11: A schematic of Mad2 template conversion during MCC formation.
(A) The closed-form of Mad2 is a part of MCC, requires Mad1-C-Mad2 platform to
form, a sequential process by which cytosolic O-Mad2 (light green) binds to C-Mad2
(dark green) already bound to Mad1. (B) The transition of conformation of O-Mad2 to
C-Mad2 ensures interactions with Cdc20. This interaction is the rate limiting step of
MCC assembly. (a) Mad2 in open conformation (O-Mad2) (b) Mad2 in closed
conformation (C-Mad?2), (c). C-Mad2 bound to a consensus Cdc20-Mad1 binding
peptide illustrates the function of the “safety belt” region (Adapted from Elowe 2022).

54



1.10.6 MCC assembly and MCC-APC/C interaction.

The mitotic checkpoint complex (MCC) is the diffusible anaphase inhibitor complex of
the SAC which inhibits APC/C®4¢20 yntil proper kinetochore-microtubule attachments
have occurred. Until appropriate biorientation is achieved, active MCC complex exists
and prevents APC/C®9°20 and progression into anaphase. In 2001, the MCC was first
purified as a complex from HelLa cell lysates. This MCC purification was done by
fractionating mitotic cell lysates in search of APC/C inhibitors. The importance of MCC
in APC/C®¢20 inhibition and anaphase entry was further confirmed by several other
studies.

The MCC complex was then found to be composed of Bub3, BubR1Mad3 Mad?2
and Cdc20 (Sudakin, Chan, and Yen 2001). All four components are well conserved,
though BubR1 pseudo-kinase is a vertebrate homolog of yeast Mad3. One exception
of MCC composition has seen in fission yeast which does not seem to have Bub3 in
its MCC complex. However, BubR1Ma®3 s targeted to the kinetochore via Bub3,
through a ‘pseudo-symmetric’ interaction with Bub1 (Zhang et al. 2015; Overlack et al.
2015). The crystal structure of the MCC bound to the APC/C in fission yeast has
indicated that all three interactors’ proteins, BubR1Mad3 Cdc20 and Mad2 bind
cooperatively to the APC/CC4°20 with each protein sustaining the binding of the other
two proteins, creating an active stable core MCC complex (Figure 1.14) (Chao et al.
2012).
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Figure 1.12: A schematic model of APC/C inhibition by MCC in S. pombe.
Unattached kinetochores generate a diffusible SAC effector complex, MCC. This
figure depicts MCC components of S. pombe where Bub3 is not part of MCC, unlike
S. cerevisiae and human. MCC encounters and inhibits a second Cdc20 molecule that
is already bound to APC/C. Once SAC is satisfied, the checkpoint gets silenced, the
MCC disassembles, and the APC/C disassembles, and the APC/C is activated. Active
APC/C targets the destruction of Securin and cyclin B and permits cells to enter into

anaphase.

MCC formation prevents anaphase entry through several mechanisms. Firstly,
MCC help to sequester Cdc20. Cdc20 acts to present substrates to the APC/C and
thereby acts as a co-activator of the APC/C (Primorac et al. 2013). Secondly, MCC is
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also able to bind a second Cdc20 molecule bound to APC/C via D-box and KEN2 motif
of BubR1Mad3 (Primorac et al. 2013; Izawa & Pines 2015). This second subunit of
Cdc20 is already bound to APC/C thereby allowing the MCC complex to directly inhibit
active APC/C. Once MCC is formed, it is able to diffuse away from the kinetochore
and able to inhibit APC/C at a distance.

a s Safety belt ~ Cdc20-
MB motif

Mad3 TPR

domain Mad2

Mad3 HLH

N

Figure 1.13: (A) Structure of the Mitotic Checkpoint Complex (MCC) trimer of S.
pombe. This trimer complex structure was revealed by X-ray diffraction
crystallography. This complex consists of Mad2 (green), Mad3B'*R" AC-term (cyan)
lacking 87 amino acids, 224-310 and Cdc20 (yellow). Mad2 is shown in the C-Mad2
conformation. The N-terminal KEN box (KEN1) of Mad3 is shown in red and located
in the helix-loop-helix (HLH) motif. The D-box mimic (magenta) that is bound to
Cdc20 is from the C-terminus of Mad3 from a symmetry-related molecule. The Mad2
8- B8” hairpin (dark green) that forms the Mad2-Mad3 interface, repositions on
conversion from O-Mad2 to C-Mad2. The N-terminus of the WD40 domain is
indicated (Adapted from Chao et al. 2012).
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1.11 Consequences of abnormal SAC.

The consequences of defective SAC signalling could be catastrophic for cells. Errors
in mitosis can lead to unusual ploidy changes within cells, either causing aneuploidy,
where cells gain or lose whole chromosomes, or polyploidy where cells fail to undergo
cell division following DNA replication and followed by cells with a multiple of their
haploid karyotype (Williams & Amon 2009). In many systems, polyploidy can be
tolerated. However, aneuploidy can lead to much more serious effects for cells
(Storchova & Kuffer, 2008). Whole chromosome aneuploidy arises from defects during
chromosome segregation in mitosis or meiosis (Hassold et al. 2001; Holubcova et al.
2015). The loss or gain of an extra copy of a chromosome causes often changes in
copy number of all genes on that particularly affected chromosome. This leads to
proteotoxic stress (Torres et al. 2008). Aneuploidy is a hallmark for many cancers,
occurring in 75% of hematopoietic cancers and over 90% of soild tumours (Weaver &
Cleveland, 2006).

1.12 Medical relevance of aneuploidy in Cryptococcus.

Fungal microorganisms often show ploidy variations within species and among cell
types within an individual. Polyploidies have been found in natural isolates of S.
cerevisiae (Ezov et al. 2006). Among clinical isolates of C. albicans (Abbey et al.
2014), and within nuclei which share a cytoplasm in Ashbya gossypii (Anderson et al.
2015). Ploidy alterations (independently of other genetic changes) can directly impact
cell size (Cavalier-Smith et al. 1978) and gene expression (Pandit et al. 2013; Rancati
et al. 2008) and may adopt mechanisms to divert energy away from cell division cycle
into the generation of proteins (Pandit et al. 2013, Inze et al. 2006). As polyploid
genomes are often greatly unstable, this can result in rapid accumulation of genetic
diversity within populations. Progeny derived from polyploid cells often carry
chromosomal translocations and rearrangements and exhibit amplification of certain
regions of chromosomes or whole-chromosome aneuploidy (Storchova et al. 2004,
Song et al. 1995; Mayer et al. 1990; Chen et al. 2006).

Aneuploidy is the presence of different ploidy levels within the same genome,
usually affecting whole chromosomes or large chromosomal segments. Aneuploidies

can evolve spontaneously within populations specially in polyploids (Torres, Williams
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& Amon, 2008) and tend to have critical fitness costs due to gene dosage imbalances
and in the formation of multipolar mitotic and meiotic divisions (Torres et al. 2008;
Kumaran et al. 2013; Dodgson et al. 2016).

However, these major structural changes within genomes can often acquire a
fithess cost under normal growth conditions (Torres et al. 2007) and yet can be
favourable under certain conditions. Cancer cells with rapid cell growth, often exhibit
a high frequency of aneuploidy (Fujiwara et al. 2005; Olaharski et al. 2006; Galipeau
et al. 1996; Siegel et al. 2012), and some of these aneuploidies confer resistance to
chemotherapeutic drugs (Duesberg et al. 2001; Lee et al. 2011). Several current
studies in yeast show that aneuploidy may also help them to adapt to a wide range of
stress conditions (Rancati et al. 2008, Pavelka et al. 2010; Selmecki et al. 2006;
Selmecki et al. 2008;). Unlike polyploidization, which is projected to maintain gene
expression dosage ratios across the genome, specific aneuploidies within
chromosomes can be advantageous through selection for higher gene expression of
a regions of genes. For instance, 50% of C. albicans isolates show resistant to the
antifungal drug fluconazole and they found to carry at least one aneuploid
chromosome (Duesberg et al. 2001). Similarly, extra copies of chromosomes have
been found in several drug resistant strains. Such as fluconazole-resistant strains in
C. neoformans often contain extra copies of chromosomes 1, 4, 10, and 11 (Sionov et
al. 2010, Ngamskulrungroj et al. 2012), and high levels of Chromosome 12
aneuploidy have also been stated in clinical isolates (Gerstain et al. 2015).
Nevertheless, the factors that influence the rate of aneuploidy formation remain largely
unknown.

In the recent years, significant progress has been made with the study of the
basic biology and laboratory identification of cryptococcal strains, in understanding
their ecology, population genetics, host-pathogen interactions, and the clinical
epidemiology of this important fungal pathogen. But cell cycle regulation has been
nearly unexplored in C. neoformans. Only very little progress has been made in past
few decades in terms of understanding the cell cycle division control mechanism.
Thus, detailed insight is needed into the pathogenesis of Crypfococcus. More studies
could be done focusing on uncovering unusual cell divisions control during infection

establishment or disease progression.
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1.13 Objectives of this work.

This works aims to:

l. Determine C. neoformans mad1 and mad2 mutant phenotypes. Find out
whether CnMad1 andMad2 function as spindle assembly checkpoint proteins.
Although, these two canonical checkpoint proteins were identified a long time
ago in other systems, functions of these proteins remained to be described in this
fungal pathogen. Chapter 3 describes the deletion of both mad1 and mad2 genes in
C. neoformans. Using combined microscopy and microfluidics analysis, these
deletions allow us to understand whether they are essential to maintain proper

mitotic arrest in response to anti-microtubule drugs.

Il. Does Mad1 go to unattached kinetochores? Which protein-protein interactions
are necessary for the checkpoint functions of CnMad1?

Mad1 localisation to unattached kinetochores is critical as disrupting this
localisation was found to abrogate SAC signalling. CnMad1 localisation was carefully
studied in C. neoformans in chapter 4. In order to understand CnMad1 protein-
protein interactions, mass spectrometry-based analysis is also presented and

discussed in this chapter.

[I. Chapter 5 will first identify the effects of overexpression of Mps1 on mitosis in
C. neoformans. Another key question to be addressed in this chapter is whether
CnMad1 gets phosphorylated by CnMps1. If it does, my further aim is to identify
putative phosphorylation sites on CnMad1 whose functionality then could be

investigated using biochemical and structural biology approaches.

V. Finally, this study aims to describe the impact of mad?1 and mad2 mutations
on Titan viability. The later part of chapter 5 describes the comparison of the viability
of dissected Titans (in vitro induced in our lab) viability in wild type and mad1, mad2

and mps1 mutants.
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Chapter2

Materials and Methods

2.1 Related to Cryptococcus.

2.1.1 List of Cryptococcus strains used

Table 2.1: The following list represents all the strains that were used to this

work.
Strains
KAO1
YSB3632

KA43
KAS1
KAS3
KAS5
KA77
KA28
KA44

KA113
ILO8

LK126

KAG1

KAG3

KA21
KA145

KA159

KA196

Genotype
Wild type H99a
mps1A::NAT

mad1A:amds

mad1A:amds recombined out

mad2A:amds

mad2A:amds recombined out

mad1A mad2A:amds

HISp:GFP-Mad1:HYG (chrom 3, safe haven pPEE37).
mad1A:amds recombined out, HISp:GFP-mad1:HYG
(chrom 3, safe haven pPEE37).

mad2A:amds recombined out, GALp-myc-Mad?2

GALp-myc-mps1:G418 (chromosome 14, safe haven
pPEE36), GFP-Tubulin
a/a GFP- aTUB:NAT

mad1A:amds recombined out, GALp-myc-mps1:G418
(chrom 14, safe haven pPEE36).

mad2A:amds recombined out, GALp-myc-mps1:G418
(chrom 14, safe haven pPEE36).

lacO-array:HYG

GPD1p-mNeon-Green-lacl:G418 (chrom 14, safe
haven pPEE36), lacO-array:HYG (chrom 3, safe haven
pPEE37).

GPD1p-mNeon-Green-lacl:G418 (chrom 14, safe
haven pPEE36), lacO-array:HYG (chrom 3, safe haven
pPEE37), mad2A:amds.
GPD1p-mNeon-Green-lacl:G418 (chrom 14, safe
haven pPEE36), lacO-array:HYG (chrom 3, safe haven
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Source

Lee et al.
2016

This study
This study
This study
This study
This study
This study
This study

This study
This study

(Kozubowski

et al., 2013)
This study

This study

This study
This study

This study

This study



CNVY105

KA118

CNSD159

KA139

KA74
KA203

KA208

KA163
KA172
KA177
IL263

KA179

pPEE37), mad2A:amds, mad2:NAT (chrom X, safe
haven 29)

MATa DAD2::DAD2-mCherry-NEO
DAD2::DAD2-mCherry:G418, mad1A:amds
recombined out, HISp:GFP-mad1:HYG (chrom 3, safe
haven pPEE37).

TUB4::TUB4-mCherry-NEO

TUB4::TUB4-mCherry:G418, mad1A:amds
recombined out, HISp:GFP-Mad1:HYG (chrom 3, safe
haven pPEE37).

Cse4p-mCherry-Cse4:NAT
Cse4::Cse4-mCherry:G418, mad1A:amds recombined
out, HISp:GFP-Mad1:HYG (chrom 3, safe haven
pPEE37).

HISp-mCherry-bub1:NAT (chrom 7, safe haven 31),
mad1A:amds recombined out, HISp:GFP-Mad1:HYG
(chrom 3, safe haven pPEE37).

mad1A:no selection, HISp:GFP- T667A-Mad1:HYG
mad1A:no selection, HISp:GFP- T668A-Mad1:HYG
mad1A:no selection, HISp:GFP- T661A-Mad1:HYG
HIS-RFP-Bub1

HIS-RFP-bub1, mad1A:no selection.

2.1.2 Cryptococcus growth media

Table 2.2: The composition of YPD media.

Kaustav
Sanyal lab
This study

Kaustav
Sanyal lab
This study

This study
This study

This study

This study
This study
This study
This study
This study

Constituent Final concentration
Bacto Yeast Extract 109
Bacto Peptone 20g
Dextrose 2049
Adenine hemisulfate 40 mg
Water To 1000 mL
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Table 2.3: The composition of Synthetic Complete media.

Constituent Final concentration (gm/litre)
Yeast nitrogen base medium without | 6.7
amino acids and ammonium

Glucose 20
Adenine sulfate 0.02
Uracil 0.02
L-Tryptophan 0.02
L-Histidine hydrochloride 0.02
L-Arginine hydrochloride 0.02
L-Methionine 0.02
L-Tyrosine 0.03
L-Leucine 0.03
L-Isoleucine 0.03
L-lysine hydrochloride 0.03
L-Phenylalanine 0.05
L-Glutamic acid 0.10
L-Aspartic acid* 0.10
L-Valine 0.15
L-Threonine* 0.20
L-Serine 0.40

* Added after autoclaving the synthetic complete media.

Table 2.4: The Drug selection plates.

Components Final concentration
G418 100 pg/mL
Hygromycin 300 pg/mL
Nourseothricin 100 pg/mL
Acetamide* 5 mM
Fluoroacetamide* 10 mM

*Acetamide and Fluoroacetamide were used as selection in yeast nitrogen-based
media without amino acids for gene deletion constructs. Both acetamide and
fluoroacetamide were used as selection of blaster inserts and blaster recombined out

respectively.
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2.1.3 Genomic DNA extraction.

A large loop full of Cryptococcus cells were suspended in 500 pL extraction buffer
(550mM Tris-HCI pH7.5, 20mM EDTA, 1% SDS), with 400 mg glass beads. Cells were
disrupted by vortexing on highest setting for 10 min, followed by 10 min incubation at
70 °C. Cells were vortexed again briefly. 200 yL 5M KOAc (potassium acetate) and
200 pyL 5M NaCl were added to tubes and mixed by inverting tubes five to ten times.
Tubes were placed on ice for 20 minutes followed by centrifugation at 16000 g for 20
min. Supernatants were transferred to Eppendorf tubes and 500 uL phenol/chloroform
was added to each tube. Tubes were inverted several times to mix and then
centrifuged 10 minutes at 16000 g. The upper, aqueous phase was transferred to a
new tube. The genomic DNA was precipitated by adding 500 uL isopropanol and
mixed by inversion. Then, tubes were left at room temperature for at least 20 min. DNA
was pelleted by centrifugation at 16000 g for 10 min. The supernatant was decanted,
and pelleted DNA was washed with 100 pyL 75% ethanol. Tubes were again
centrifuged for 10 minutes at 16000 g and ethanol was aspirated from tubes. Pellets

were allowed to dry for 5 minutes and then suspended in 50 yL Tris-EDTA pH 7.0.

2.1.4 Transformation.

C. neoformans cells were grown on a YPD plate from -80°C stock at 30 °C for two
days. These fresh cells were used to inoculate overnight cultures in 50 mL YPD
medium at 30 °C at 140 rpm such that the ODeoo was 1-2 the next morning. This
overnight culture then was diluted to ODsgo 0.1 and grown until the ODeoo reached
between 0.3-0.36. Cells were harvested using a pre-cooled (4°C) centrifuge at
3200rpm for 3 minutes. The supernatant was removed, and cells were then washed
two times with 35 mL of ice cold, sterile ddH20. Following these washes, cells were
resuspended in 35-40 mL electroporation buffer (Table 2.2) and 140-160 yL 1M DTT
was added. These resuspended cells with DTT were incubated on ice for 15 minutes.
After incubation, cells were centrifuged again at the same condition and supernatant
was removed. These cells were washed once again with electroporation buffer without
DTT in order to get rid of the DTT from the cells. Cells were then resuspended in 100
ML of electroporation buffer and 30 uL was used, per transformation. These competent
cells were gently mixed with linear DNA (~3 pg/mL) and transferred to pre-cooled
electroporation cuvettes (2 mm). This cooled cuvette containing both cells and DNA

was kept on ice for 2 minutes. The cells were then electroporated using a Biorad
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GenePulser at 1400 voltage, 600 ohm (resistance) and 25 pF capacitance. Cells were
put on ice for 2 minutes immediately after electroporation. Cells were then
resuspended in 1 mL pre-warned (30 °C) YPD medium and grown for 1 hour at 30 °C
200 rpm for recovery. This cell suspension was centrifuged and spread on YPD agar
plate and allowed to grow for next 24 hours. The plates were then replicated on plates

with selection media and incubated at 30 °C for next 3 days.

Table 2.5: Electroporation buffer*

Ingredients Final concentration
Sucrose 27 mM
Tris-HCI pH 7.5 10 mM
MgCl2 1 mM
dH20 To 100 mL

*EB buffer was filter sterilised (0.25mm) after preparation.

2.1.5 In vitro Titan cell induction

C. neoformans cells were grown overnight in YNB (Yeast Nitrogen Base) medium with
amino acids media with an additional 2% glucose at 30 °C shaking at 15-200 rpm.
Cells were then inoculated in 10% HI-FCS (Heat inactivated- Fetal Calf Serum) in PBS
with ODeoo = 0.001, or approximately 1000 cells/mL (a higher OD resulted in a
relatively lower proportion of larger sized titan cells). 1 mL of inoculum was added in
each well of a 12 well tissue culture plate. The plate was then incubated at 37 °C, with
5% COo for up to 7 days. Titan cells were found to comprise approximately 10% of the
total cell population after 24 hours, and this increased to approximately 20% over three

days.

2.1.5.1 Titan viability assays

Titan cultures were washed twice with YPD media and then plated on YPDA plates.
Single Titan cells were micro-dissected with a needle and moved to a position on the
grid (on a Singer ‘tetrad dissecting microscope’). Cells were analysed 24 and 48 hours

later after growth at 30°C.
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2.1.6 Temperature and Benomyl sensitivity plates

Cells from an overnight culture were diluted to ODsoo ~0.4 in distilled water. 10 folds,
serial dilutions were made and spotted onto YPDA plates (with or without the anti-
microtubule drug, benomyl at different concentrations such as 2 and 2.5 pg/mL) with
the help of a pin replicator. Plates were then typically incubated at 30°C for 48 hours.
Benomyl stock was 30mg/ml in DMSO, and due to solubility issues, this was added

directly to boiling YPD agar.

2.1.7 Plate reader assay

Strains were streaked out from glycerol stocks two days prior to pre-cultures. |
prepared pre-cultures by inoculating single yeast colonies in YPDA media. | incubated
such cultures for 12 hours, then diluted and grew for another 6 hours until ODeoo reach
0.2. | measured optical density in a Tecan M200 Infinite Pro plate reader (Thermo-
Fischer) with 200ul of cell culture into each well of 96 well plate. Growth rates were
estimate using data from multiple replicate wells. Individual OD measurements in each
time point were analysed and plotted as growth rate as a function of time in GraphPad

prism version 8.0.

2.1.8 Re-budding assays

Glycerol stocks of Cryptococcus strains were stored at -80 °C. Cells were streaked out
on YPDA plates and allowed to grow on plates for two days at 30 °C. After two days,
cells were grown overnight (to ODeoo of ~0.5) in 500mls of YPDA media. 2.5pug/ml
nocodazole was added to the cells and incubated for next three hours. Cells were
harvested by centrifugation at 5000 rpm at room temperature, for 3 minutes. Cells
were then washed twice with distilled water and mounted on slides for microscopy.
Careful microscopic observation has been made to determine percentage of mitotic
arrested cells with large buds. Cells with bud size greater than 4 ym were categorized
as ‘Large budded’ mitotically arrested cells. While cells having daughters size ranging
from 0.5-4 ym were categorized as ‘small budded’. From microscopic images of fixed
cells, the total percentage of cells with large budded arrested were counted and
compared between wild type and knockout strains. Statistical analysis was carried out

using GraphPad prism version 8.
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2.1.9 Re-budding assays in microfluidics

The utility of microfluidics for single cell analysis in C. neoformans was demonstrated
previously in studies of ageing. We used the Alcatras cell traps incorporated into
devices allowing for use with multiple strains (Orner et al. 2019). We moulded devices
in polydimethylsiloxane (PDMS) from an SUS8-patterned wafer with an increased
thickness of 7um, to accommodate the larger size of C. neoformans cells compared
to S. cerevisiae (manufactured by Micro-resist, Berlin, design available on request).
Imaging chambers for individual strains are isolated by arrays of PDMS pillars
separated by 2um gaps. This prevents intermixing of strains while cells experience
identical media conditions.

Before use we filled the devices with synthetic complete (SC) media (Table
2.1.11), supplemented with 0.2g/mL glucose and containing 0.05%w/v bovine serum
albumin (Sigma) to reduce cell-cell and cell-PDMS adhesion. Cells were pre-grown to
logarithmic phase in the same media (lacking the BSA) and then injected into the
device. An EZ flow system (Fluigent) delivered media at 10uL per minute to the flow
chambers and performed the switch to media containing nocodazole after 5 hours.
This media also contained Cy5 dye to allow monitoring of the timing of the media
switch. We captured image stacks at 5 minute intervals at 4 stage positions for each
strain, using a Nikon TiE epifluorescence microscope with a 60x oil-immersion
objective (NA 1.4), a Prime95b sCMOS camera (Teledyne Photometrics) and
OptoLED illumination (Cairn Research). Image stacks had 5 Z-sections, separated by

0.6mm, captured using a piezo lens positioning motor (Pi).

2.1.10 Sister-chromatid separation assay

To observe the dynamics of a specific chromosome in C. neoformans cells, we
developed a /lacO/Lacl-mNeonGreen system. This system was adapted for use in C.
neoformans by expressing mNeonGreen (codon optimized and generously provided
by Edward Wallace lab) tagged Lacl, from the GPD1 promoter (CNAG_06699).
Plasmid, pPEE37 has been used to target integration of 240xlacO array in
chromosome 3 at nucleotides 1,288,438 — 1,289,938 (Arras et al. 2015). The glycerol
stocks of Cryptococcus strains with /acO arrays and Lacl-mNeonGreen were stored
at -80 °C. Cells were streaked out on YPDA plates and allowed to grow for two days
at 30 °C. After two days, cells were grown overnight (to morning ODggo of ~0.5) in 500

mLs of YPDA. 2.5 uyg/mL nocodazole was added to the cells and incubated for next
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three hours. Cells were harvested by centrifugation at 5000 rpm at room temperature,
for 3 mins. Following this, cells were washed with distilled water twice and mounted
on slides for microscopy. Careful microscopic observation has been made to monitor
and quantitate the percentage of cells with one or two Lacl-mNeonGreen dots. Two
dots represent separated sister chromatids in nocodazole treated cells, which should

not happen if the checkpoint is working.

2.1.11 Mps1 overexpression assays

C. neoformans strains containing GAL-Myc-MPS1 were grown overnight (to ODeoo of
~0.5) in 500 mL of YP media added with 2% glucose. Next morning, 2% galactose has
been added to the cultures and incubated for next three hours. Cells were then
harvested by centrifugation at 5000 rpm at room temperature, for 3 mins. Following
this, cells were washed with distiled water twice and mounted on slides for
microscopy. From microscopic images, metaphase arrested cells with short mitotic
spindles (visualised with GFP-tubulin) has been counted and analysed using

GraphPad prism version 8.

2.1.12 Cryptococcus Anti-Mad1 antibody generation and affinity purification.
Residues 1-200 of mad1 were amplified from cDNA and cloned into a LIC Biobrick
vector (14C, 6xHis-MBP, https://www.addgene.org/48284/). This mad1 construct was

expressed in E. coli pLysS cells (Agilent), purified on amylose beads, eluted, and then

dialysed into 50mM Hepes pH7.6, 75mM KCI. This purified recombinant protein was
used to immunise sheep (MRC PPU Reagents and Services, University of Dundee).
Specific antibodies were affinity-purified using Affigel 10 resin coupled to the same
6xHis-MBP-Mad1 protein. Sheep sera was diluted with PBS, filtered, then gently
pumped through the Affigel-Mad1 column overnight. The column was then thoroughly
washed with PBS-Tween, then PBS containing an additional 0.5M NaCl, and finally
eluted with 100 mM triethylamine (pH 11.5), before dialysing the antibodies overnight
into PBS containing 40% glycerol.
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2.2 DNA Methods

2.2.1 List of primers used in this study

Table 2.6: List of primers used in this study

Primer
number
KA 05
KA 07
KA95

KA96

KA97

KA98

KA87

KA88

KA89

KA90

KA111

KA112

KA153

KA154

KA155

KA157

KA160

KA161

KA162

Primer name
KH_CNY
HYG FORW
3

M1D F1F

M1D F1R

M1D F3F

M1D F3R

M2DSF1bfT F
M2D5F1bfTR
M2D3F3afT F

M2D3F3afT
R

M1 51100
M1 3 1100
Cse4dmCF
Cse4dmCR

M1CT F

M1CTiiR

HG F

HG R

HGM1 F

Sequence

5 atgtatgcaagatgtatgcg 3’
5 cactcgtccgagggcaaagg_ 3’

5'_ctatagggcgaattggagctatttgatccaagacgggat
c 3

S_

aatatagtggcatgattgaagaaagaggatatggagttgc

31

5.

_gatggctagagtagaacttatacaatccaaatgtatatgtcg
3!

5’_cttgatatcgaattcctgcaacacgaaattgagctcac_3

5’ _ccaccgcggtggcggcecgctatccagctcgatccatcett
g_3

5 aatatagtggcatgattgaaagaataaacatcatgtctgc
c 3

5’ gatggctagagtagaacttaacttcttctttaaccgcttg_3

5’ _agggaacaaaagctgggtacggtggatggacaaaatg
aag_3

5’ _tgggacgtacgatacgagcgttgagaattg 3’
5 tttcacaggtaacgctcatccctgcaaaaa_3’

5’ _tggagctccaccgcggtggctcatggagaagatagattg
tatag _3’

5’ _ggatccactagttctagagcgctcaaatcgtaatccttc
3

5 tacttccaatccaatgcagatgccgtaggcgaaatgage
3

5 ttatccacttccaatgttattatcatccaagcccgacatacc
cag_3’

5’ _tggagctccaccgceggtggeggtaccgagcetcggeag
atac 3

5 ttattggcatcatctcttccgtgttaatacagataaaccaag

3
5’ _ggaagagatgatgccaataaccccggctc 3’
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Purpose

Safe haven 3
Safe haven 3
screen

mad1 D

mad1 D

mad1 D

mad1 D
mad2 D
mad2 D
mad2 D

mad2 D

mad1 D
screen
mad1 D
screen
Cse4

tagging
Cse4

tagging
LIC Cloning

LIC Cloning

GFP-Mad1
tagging

GFP-Mad1

tagging
GFP-Mad1

tagging



KA163

KA182

KA183

KA186

KA187

KA188
KA189
KA256
KA257
KA262
KA263
KA264
KA265
KA320
KA321
KA322
KA323

IL222

IL226

IL227

IL225

TD32

TD34

HGM1 R

TEF Promo F
Ade6 Term R
MIM F

MIM R
Mad2 5 110
Okb F
Mad2 3 110
Okb R
T661A F
T661A R
T67A F
T67A R
T68A F
T68A R
T667E For
T667E Rev
T668E For
T668E Rev

Gal-Myc_F

Gal-Myc_R
Mps1_For
Mps1_Rev
Mps1kinase_
For

Mps1kinase_
Rev

5’ _ggatccactagttctagagcgcaagtcaggatagcaga
gtg_3'

5 taccgtatagcatagaatggc 3’
5 atcatctactatatgcttcgtaaatgtcca_3’

5 _gtgcaggattgttacgaagttcggcgcatgcttcgtaage
ggggttgaactct 3’

5’ _agagttcaaccccgcttacgaagcatgcgccgaacttcg
taacaatcctgcac_3’

5’ _acaccggcaaagtcactttcagatccg_3’
5 _ctttcagtgatcctgaaggaatcgageca_3’

5’ caaacatctccgctgtcacttgtgccaaaaaccct 3’

5 _agggtttttggcacaagtgacagcggagatgtttg_ 3’

5 aaaaaaaaagaacctactgtagccttctcaaacatctcc

gttgtc_3’

5’ gacaacggagatgtttgagaaggctacagtaggttcttttt

tttt_3’

5’ _ggaaaaaaaaagaacctactgcagtcttctcaaacatct

ccgt 3’

5’ acggagatgtttgagaagactgcagtaggttctttttttttcc
3

5’ cagggaaaaaaaaagaacctactgtttcctictcaaaca

tcteegttgtcact_3’

5 agtgacaacggagatgtttgagaaggaaacagtaggtt

ctttttttttccctg_3’

5’ aaaaaaaaagaacctacttcagtcttctcaaacatctcc

gttgtcacttgt_3’

5’ acaagtgacaacggagatgtttgagaagactgaagtag

gttcttttttttt 3’

S_

tcactaaagggaacaaaagctggagctccaccgcggtggce

aagatatatatagtaataaatttgaaatgaactaatcataatc

gaaaaa_Jd’

5’ _gctacgcccggggaatccatattcagatcctcttcagag

atgagcttitg_3’

5 _tctctgaagaggatctgaatatggattccccgggeg 3’

5’ tcgaattcctgcageccgggggatccactagttctagag
cctaaagcttccttgaagtcgtagec 3’
5 tacttccaatccaatgcaactttatttcatgtgaacgga_3’

5 ttatccacttccaatgttattatctagacaatgcgttttgagce
3!
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screen

mad2 D
screen
Mutagenesis
Mutagenesis
Mutagenesis

Mutagenesis
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Mutagenesis
Mutagenesis
Mutagenesis
Mutagenesis
Mutagenesis
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Mps1 over
expression
Mps1 over
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Mps1 over
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2.2.2 Polymerase chain reaction

Q5 Hi-Fidelity 2X Master Mix (New England Biolabs) was used for
amplifications and cloning purposes, in accordance with manufacturer’s
instructions. To test the genotype of yeast clones, colony PCR using Taq
polymerase was used. A fresh C. neoformans colony was transferred from
a fresh plate to PCR tubes containing 10 pyL of dH20. Tubes were flash
frozen on dry ice, then immediately transferred into a preheated PCR
machine. Cells were heated at 95°C for 5 minutes and then held at 4°C.
Samples were centrifuged and 5 pL of the supernatant was added to 45 L

of the PCR mix (see table below). A typical programme for the colony PCR

amplification is also given below.

Table 2.7: Colony PCR Components.

Reagent Volume (uL)
dH20 29.5
10X Buffer 5.0
2mM dNTP 5.0
10uM forward primer 2.5
10uM reverse primer 2.5
Cell lysate 5.0
Taq polymerase 0.5
Table 2.8: Colony PCR Conditions
Step Temperature(°C) Time
Initial boil 95 5 minutes
Denaturation 92 30 seconds
Annealing and 92 10 seconds
Extension: 30 55 5 seconds
cycles 72 1 min/kb
Final extension 72 10 minutes
Hold 4-10 Forever
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2.2.3 Gibson Assembly

Individual DNA fragments to be assembled into a linearised vector backbone were
purified by Monarch® DNA clean up kit and quantified with nanodrop. The amount of
all inserted DNA fragments and vector were calculated according to NEBioCalculator.
10 uL of NEB Gibson Assembly® master mix and filled up the reaction volume up to
20 pL including all fragments to be assembled. Reaction is incubated at 50°C for an
hour. 5 pL of this reaction was transformed into DH5a chemically competent E. coli
using heat-shock transformation or 1 pyL of reaction was transformed into SURE
competent cells (Agilent) by electroporation. The optimal method of transformation

was determined empirically.

2.2.4 Sequencing

Sequencing reactions were performed using the Big Dye v3.1 Cycle Sequencing Kit
(Applied Biosystems) according to the manufacturer’s instructions. Sanger
Sequencing was performed by Genepool (University of Edinburgh) and IGMM
(Western General Hospital, Edinburgh).

2.2.5 Restriction endonuclease digestion
All restriction digests were carried out using enzymes and buffers supplied by New

England Biolabs or Roche and used according to manufacturer’s instructions.

2.3 List of plasmids used in this study

The following list represents all the plasmids that were built for this work
and constructed by KA = Koly Aktar, KH = Kevin Hardwick, IL = loanna
Leontiou and TD = Thomas Davies.

Table 2.9: List of plasmids.

KACP1 Bluescript-mad1 5’UTR(1kb)_amds2_3’UTR(1kb)
KACP2 Bluescript-mad2 5’UTR(1kb)_amds2_3’UTR(1kb)
KACP3 pPEE37:HISp_GFP_Mad1:hygR

KACP4 pPEE31:5°UTR(1kb)_mCherry_Cse4:NatR
KHCP1 pPEE37: lacO-array:hygR

KACP6 pPPEE36:GPD1p _lacl-mNeonGreen:G418
KACP7 pPEE36:GAL7p_myc Mps1:G418
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KACPS8 pPEE37: GAL7p_myc _MadZ2:hygR

KACP9 pPEE37: HISp_GFP_mad1MIM:hygR

KACP10 pPEE37: HISp_GFP_mad1_567RLK/AAA:hygR
KACP11 pPEE37: HISp_GFP_mad1T661A:hygR
KACP12 PpPEE37: HISp_GFP_mad1T667A:hygR
KACP13 pPEE37: HISp_GFP_mad1T668A:hygR
KACP14 pPEE37: HISp_GFP_mad1T667E:hygR
KACP15 pPEE37: HISp_GFP_mad1T668E:hygR

ILCP25 pPEE31-HIS-RFP-Bub1

2.4 Plasmid construction

2.4.1 Knockout constructs

Both mad1 and mad2 knockout constructs were made using the Blaster construct (Erpf
et al., 2019). 1 kilobase homologous arms, consisting of the 5’ and 3’ UTR sequences
either side of the mad gene, were ligated at both ends of the selective amds2 marker.
BlueScript vector was digested with Hindlll/EcoRI, and pPEES8 with Spel/Hindlll. The
final construct for mad1A was digested with Kpnl and Aatll. For mad2A, Sapl and Sacll
enzymes were used to digest. Both were transformed into wild type H99 strain.
Transformed colonies were selected on acetamide media. Cell were re-streaked
several times to single colonies to ensure stable integration had occurred and that all
cells contained the Blaster constructs. Correct integration of the marker for mad1A
was further confirmed by immunoblotting using Cryptococcus anti-Mad1 antibody. To
confirm mad1A and mad2A, PCR analysis was performed, using genomic DNA made
from stable transformants. Immunoblotting was also used to confirm mad1A using C.

neoformans anti-Mad1 antibody (described in 2.1.10).

2.4.2 HISp-GFP-Mad1

For construction of HISp-GFP-mad1 the pCN19 vector was used to amplify eGFP.
The His promoter and full length mad1 clone were PCR-amplified from H99 genomic
DNA. The resulting three amplified fragments were cloned into pPEE37 safe haven
vector (Arras et al., 2015). Assembled plasmids were sequenced and the final vector
digested with Pacl enzyme to target homologous recombination to the correct

chromosomal safe-haven locus.
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2.4.3 Mad1 alleles (T661A, T667A, T668A)
The HISp-GFP-Mad1 plasmid was mutagenized using the QuickChange lightning kit

(Agilent), according to the manufacturer’s instructions.

2.4.4 GALp-myc-Mad2

Mad2 was ectopically expressed to rescue mad2A phenotype. Ectopic expression of
myc-tagged Mad2 was generated under the PgaL7 promoter. The GAL promoter, myc
tag and endogenous copy of Mad2 were assembled into pPEE37 (HYG resistance,

chromosome 3, safe-haven 37) using Gibson assembly.

2.4.5 MAD2p-Mad2
Mad2 was ectopically expressed from the endogenous MADZ2p. This expression
construct was assembled in plasmid pPEE31 (safe haven 31, chromosome 7) using

Gibson assembly.

2.4.6 CSE4p-mCherry -Cse4

Cse4 was tagged at the N- terminus with mCherry and being ectopically expressed to
localize kinetochore. The endogenous 1 kb promoter and full length cse4 clone were
PCR-amplified from H99 genomic DNA. mCherry was amplified from the genomic
DNA from CNVIII strain which had mCherry tagged Cse4 described in Kozubowski et
al., 2013). These three fragments were cloned into vector pPEE31 (Nourseothricin

resistance, chromosome 7) using Gibson assembly.

2.4.7 lacO array and lacl-mNeonGreen constructs

lacO repeats: a fragment containing 240 copies of the lacO array was cut out of
pLAU43 and ligated into pPEE37 (Hygromycin resistance)(Lau et al., 2004). pLAU43
plasmid was originally built in Sherratt lab. This plasmid was generously given by
David Leach lab.

Lac repressor protein Lacl was tagged with mNeonGreen (mNeonGreen was codon
optimised and generously given by Edward Wallace lab) under the endogenous GPD1
promoter. mNeonGreen was tagged at the N-terminal of lacl protein. GPD1 promoter,
mNeonGreen and lacl were assembled into safe haven vector pPEE36 (G418

resistance, chromosome 14 (Arras et al., 2015).
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2.4.8 GALp-myc-MP$S1

Mps1 was over-expressed ectopically using this GALp-myc-Mps1 construct.

Endogenous Mps1 and Gal7 promoter were PCR-amplified from H99 genomic DNA.

Myc tag (EQKLISEEDLN) was included in the overlapping primer sequences. All

fragments were cloned into vector pPEE36 (G418 resistance, chromosome 14) using

Gibson assembly.

2.5 Reaction Kits

Table 2.10: Manufacturer’s details of reaction kits used.

Midiprep kit

Product Name Manufacturer Catalogue number
GeneJET Plasmid Thermo Scientific K0503
Miniprep kit
Monarch® PCR and DNA NEB K0691
clean up kit
Monarch® plasmid NEB 28104
miniprep kit
QuickChange Stratagene 200524
Mutagenesis Kit
QiaQuick Plasmid Qiagen 210515
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2.6 Protein methods

2.6.1 C. neoformans whole cell extracts: small-scale for SDS-PAGE

10 mL C. neoformans cultures grown overnight in the appropriate liquid medium were
harvested by centrifuging at 3000 RPM for 2 minutes, pellets were re-suspended in 1
mL ice-cold dH20 and transferred to a screw-cap tubes. Tubes were centrifuged, the
supernatant was removed, and washed cell pellets were either lysed for immediate
use or snap frozen on dry ice for later use.

Cells were lysed with 300 pl of 2X Sample buffer (Table 2.7) with 10 uyg/mL CLAAPE
(protease inhibitor mix containing chymostatin, leupeptin, aprotinin, antipain,
pepstatin, E-64 dissolved in DMSO at a concentration of 10 mg/mL), 1mM Pefablock®,
0.01 mM Microcystin per 0.3 g of cell pellet. An equal amount of zirconia/silica beads
(BioSpec Products Inc.) were added to each sample. The lysates were briefly vortexed
for 60 seconds in a bead beater and then denatured at 95°C for 5 minutes. They were
then centrifuged to remove pelleted cell debris 12000-13000 RPM for 5 minutes at 4

°C. Lysates were then loaded on SDS-PAGE gels for size separation.

Table 2.11: Composition of Sample Buffer.

Reagent Final Volume
10% SDS 2%
1M Tris-Cl pH 6.8 80mM
Glycerol 10% w/v
0.5M EDTA 10mM
Bromophenol Blue 0.2%

2.6.2 C. neoformans whole cell extracts: large-scale for Co-IP

1-2L of overnight cultures were harvested by centrifugation in a Beckman Coulter
centrifuge at 3500 RPM for 10 minutes at room temperature. A small volume of dH20
(15-20% of pellet volume) was added to the cell paste before freezing as cell droplets
in liquid nitrogen. Frozen cell droplets were ground to form cell powder using a mortar
and pestle cooled over a bed of dry ice. Samples were ground for an equal duration
of time. Powder was weighed and 1 mL of lysis buffer (50mM Hepes pH 7.6, 75mM
KCI, 1mM MgClz, 1mM EGTA, 10% Glycerol, 0.1% Triton X-100, 1 mM Na3zVOa, 10
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png/mL CLAAPE was added per gram of powder). Samples were lysed by sonicating
while on ice for 30 seconds (5 sec on, 5 sec off) at an amplitude of 25-30%. Lysates
were then cleared by centrifugation at 14000 rpm for 10-20 minutes at 4°C to remove

cell debris. The Co-IP protocol was then followed (2.6.3).

2.6.3 Co-immunoprecipitation

Antibody coupled Dynabeads™ from Invitrogen or except GFP-Trap from chromotek
were washed once with 1mL 0.1% PBS-Tween 20 and twice with wash buffer (50mM
Hepes pH 7.6, 75mM KCI, 1mM MgCl2, 1mM EGTA, 10% Glycerol, 0.02% Tween 20).
The clear lysate was incubated with antibody-coupled Dynabeads for 30 minutes at
4°C. The beads were washed 4-5 times with wash buffer (changing Eppendorf tubes
twice). Proteins were either eluted from beads immediately for SDS-PAGE or beads
stored at -80 °C until needed. Proteins were eluted by adding 2X sample buffer
containing DTT and standing at room temperature for 15 minutes, following this, they
were then run on an SDS-PAGE gel (2.6.8).

2.6.4 Sample preparation for mass spectrometry

2 L cultures were harvested and lysed as in 2.6.2. Antibody coupled Dynabeads were
washed once with 1mL 0.1% PBS-Tween 20 and twice with wash buffer (50mM Hepes
pH 7.6, 75mM KCI, 1mM EGTA, 10% Glycerol, 0.02% Tween 20). The clear lysate
was incubated with antibody-coupled dynabeads for 15 minutes at 4 °C. The beads
were washed 3 times with wash buffer (changing Eppendorf tubes twice). Beads were
then washed five more times in wash buffer without detergent (50mM Hepes pH 7.6,
75 mM KCI, 1 mM MgClz, 1 mM EGTA, 10% Glycerol) the tubes were changed in
between. The wash buffer was removed, and an on-bead tryptic digestion was
performed (2.6.7).

2.6.5 SDS-PAGE

The protein samples were run on 10 cm x 20cm SDS-PAGE (sodium dodecyl sulphate
polyacrylamide gel electrophoresis) gels, the percentage of which was determined
based on the size of the protein of interest. The composition of the resolving gel was

as follows:
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Table 2.12: Composition of resolving gel.

Reagent Gel percentage
10% 12.5% 15%
40% acrylamide 3.7 mL 4.7 mL 5.6 mL
2% Bis 0.98 mL 0.75 mL 0.64 mL
1.5M Tris-HCI pH 8.8 3.75 mL 3.75mL 3.75 mL
Water to 15 mL to 15 mL to 15 mL
10% ammonium persulfate * 150 uL 150 pL 150 uL
TEMED* 15 pL 15 pL 15 pL

10% ammonium persulfate and TEMED (indicated with an Asterix (*)) were added
immediately before the gel is poured. 1 mL of butan-1-ol was laid over the resolving

gel to prevent drying out at upper face and removed prior to adding the stacking gel:

Table 2.13: Composition of stacking gel

Reagent Volume
40% acrylamide 6.25 mL
2% Bis 3.33 mL
1.5M Tris-HCI pH 6.8 6.25 mL
Water To 50 mL
10% ammonium persulfate * 25 uL
TEMED* 250 pL

10% ammonium persulfate and TEMED (indicated with an Asterix (*)) were added
immediately before use. Gels were typically run at a constant voltage of 120-170 V in
SDS-PAGE buffer (50 mM Tris, 384 mM glycine, 2% SDS) until the protein of interest

was resolved.

2.6.6 Western blot and semi-dry transfer

The proteins were transferred onto nitrocellulose membranes (Amersham Protan 0.2
pm nitrocellulose, GE Healthcare Lifescience) using a TE77 semi-dry transfer unit
(Hoefer) at 150-220 mA for 90-150 minutes (depending on protein size). In the unit,

the membrane and gel were placed in between 5 pieces of 3 mm Whatmann® filter
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paper pre-soaked in transfer buffer (25 mM Tris, 130 mM glycine, 10-20% methanol
(depending on protein size)). Following the transfer, the proteins on the nitrocellulose
membrane were stained with Ponceau solution (0.1% w/v in 5% acetic acid) to
determine the efficiency of transfer. The membrane was then washed with 0.1%
Tween 20 in PBS.

2.6.7 Immunoblotting

The membranes were blocked in a 0.1% Tween 20 in PBS, 5% w/v dried semi-
skimmed milk (Marvel) solution while shaking for 30 minutes at room temperature.
Membranes were then incubated overnight with primary antibody while shaking at 4
°C. They were then washed in 0.1% Tween 20 in PBS, then incubated with the
corresponding secondary antibody for at least 1 hour at room temperature while
shaking. Membranes were re-washed with 0.1% Tween 20-PBS 4 times for 5 mins

while shaking prior to protein visualisation.

2.6.8 Protein visualisation

Proteins were detected using an enhanced chemiluminescense (ECL) kit
(SuperSignal West Pico or SuperSignal Femto, Pierce) according to manufacturer’'s
recommendations. The ECL solution was applied (2-5 minutes for pico and 20-30
minutes for Femto) to the blots which were placed between clear acetate sheets and
exposed to X-ray film (Agfa Healthcare). The film was developed using a SRX-101A
Film Processor (Konica-Minolta). A complete list of the used antibodies in this study is
given below:

Table 2.14: List of primary and secondary antibodies used in this study

Antibody Species | Immunoblotting Source
concentration

Cryptococcus Anti-Bub1 sheep 1:5000 Hardwick Lab

Cryptococcus Anti-Mad1 sheep 1:2500 Hardwick Lab

Anti-mouse, HRP donkey 1:10000 GE Healthcare
conjugated”

Anti-rabbit, HRP sheep 1:10000 GE Healthcare
conjugated”
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Anti-sheep, HRP donkey 1:10000 Jackson Immuno-
conjugated” Research
Anti-mCherry Rabbit 1:5000 Thermo Fisher Scientific
Anti-GFP Sheep 1:5000 Hardwick Lab
Anti-myc (9E10) Mouse 1:5000 Sigma-Aldrich
Anti-mNeonGreen Sheep 1:5000 Sawin Lab

Secondary antibodies are indicated with an Asterix (*)

2.7 Related to bacteria

2.7.1 Bacterial cell media

Table 2.15: LB media (Luria-Bertani) plates.

Reagent Final concentration
Tryptone 20 g/L
Yeast extract 5g/L
NaCl (pH 7.2) 5g/L
Agar 20 g/L

Table 2.16: Composition of Liquid SOC (super optimal broth with catabolite

repression)

Constituent Final concentration
Tryptone 20 g/L
Yeast extract 5g/L
NaCl (pH 7.2) 5g/L
KCI 2.5mM
MgClo 10 mM
D-glucose 20 mM

2.7.2 Bacteria transformation

DNA was added to 50 uL of defrosted chemically competent DH5a E. coli cells in a
pre-chilled tube, gently mixed, and incubated on ice for 30 minutes. Heat shock was
performed at 42°C for 45 seconds, the mixture was placed on ice for 2 minutes after
which 250 uL of pre-warmed SOC medium (See Table 2.16) is added. Cells were

allowed to recover at 37 °C with shaking for 1 hour before plating on pre-warmed LB
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(See Table 2.15) selection (usually ampicillin unless otherwise stated) plates. Plates

were incubated at 37 °C overnight.

2.7.3 Induction of target protein in bacteria

Induction of target proteins was performed using pLysS competent cells obtained from
Agilent technologies in accordance with the manufacturer’s instructions. Cells were
grown in LB media with 20 uyg/mL chloramphenicol and the appropriate antibiotic for
selection plasmid (ampicillin) prior to induction. Cultures were grown at 37 °C with
shaking at between 200-220 rpm. To induce expression of the recombinant protein,
IPTG was added to the cultures and were incubated for 24 hours (with shaking at 220-
250 rpm) at 16 °C. The final concentration of IPTG used was 1mM. The cells were
harvested by centrifugation at 5000 rpm at 4 °C for 15-20 minutes. The cell pellets
were washed once with water, centrifuged again and the cell pellets were stored at -
80 °C, until needed.

2.8 Mps1 purifications and kinase assays
Residues 478-842 of CnMps1 were amplified from cDNA and cloned into the 14S
Biobrick vector. Induction of protein expression was performed in BL21 (pLysS) cells.
IPTG was added and cultures incubated for 16 hrs at 18°C. Cells were harvested,
washed and pellets frozen in liquid nitrogen. Cell pellets were resuspended in lysis
buffer [50mM Tris-HCI pH8, 500mM NaCl, 10% Glycerol, 5mM Imidazole, 1mM -
mercaptoethanol, EDTA-free protease inhibitor tablet (Roche), 1TmM PMSF] then lysed
by sonication (1 sec ON and 2sec OFF for a total of 3 min). To remove the cell debris,
lysed cells were centrifuged at 20,000 rpm, for 30-45 min, at 4°C, and the lysate filtered
through a 0.45um syringe. Lysates were then incubated with rotation for 2 hours (at
4°C) with Talon cobalt resin (Thermofisher). After incubation, the beads were
transferred to a Biorad column, washed with 10 column volumes of wash buffer, and
protein eluted with lysis buffer containing 250mM imidazole. The recombinant kinase
domain was dialysed overnight into 50mM Tris-HCI pH8, 150mM NaCl, 5% glycerol,
2mM DTT.

Protein was concentrated via centrifugation (Vivaspin, Sartorius), and activity
assayed against human nucleosome substrates for phosphorylation of T120 residue
of Histone H2A. Recombinant human nucleosomes were purified as described

previously . Recombinant kinase was added to 10ul of 2X kinase buffer [40mM
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Hepes (pH 7.5), 200mM KCI, 20mM MgClz2, 2mM DTT, 400uM ATP] and nucleosomes,
and water to a final volume of 20pul. Reactions were incubated at 30°C for 30 min and
qguenched with an equal volume of SDS-PAGE sample buffer and run on an SDS-
PAGE gel. Immunoblot analysis was performed as above, with anti-His and anti-T120
phosphoantibody (Active motif, 39391).

Radioactive Mps1 kinase assays were performed in a similar reaction for 30
min at 30°C: 20mM Hepes (pH 7.5), 100mM KCI, 10mM MgClz, 1mM DTT, 100uM
cold ATP, 32P-labelled-ATP.

2.9 Lysis of large-scale cell extracts for mass spectrometry

Yeast cells were grown overnight (to ODeoo of ~0.5) in 500mls of YPDA. 2.5ug/mL
nocodazole was added to the cells and incubated for three hours. Cells were
harvested by centrifugation at 5000 rpm at 4°C, for 15 mins. Pelleted cells were frozen
in drops, using liquid nitrogen. The cells were then ground manually, using a ball
grinder. Yeast powders were resuspended into lysis buffer containing 50mM HEPES
pH7.6, 75mM KCI, 1mM MgCI2, 1mM EGTA, 10% Glycerol, 0.1% Triton X-100, 1TmM
NaszVOs4, 10 ug/mL CLAAPE (protease inhibitor mix containing chymostatin, leupeptin,
aprotinin, antipain, pepstatin, E-64 all dissolved in DMSO at a final concentration of
10 mg/mL), 1 mM PMSF, 0.01 mM microcystin. 1g of yeast powder was resuspended
in 1ml of the lysis buffer. Cell lysis was completed by sonication (cycles of 5 sec ON,
5 sec OFF for 1 min). After sonication, the cell debris was pelleted (30 min, at 22000
rpom, at 4°C) and the supernatant incubated with anti-GFP TRAP magnetic agarose
beads (ChromoTek) for 1 hr at 4°C. The beads were washed at least 9 times with
wash buffer (50mM Hepes pH7.6, 756 mM KCI, 1 mM MgCI2, 1 mM EGTA, 10%
Glycerol) and once with PBS+0.001% Tween 20. Proteins were eluted from the beads
by adding 2X sample buffer containing 200mM DTT and boiled at 95°C for 5-10 min,
before running on an SDS-PAGE gel.

2.10 GFP-Mad1 mass-spectrometry and volcano plots

Protein samples from all biological replicates were processed at the same time and
using the same digestion protocol without any deviations. They were subjected for MS
analysis under the same conditions, and protein and peptide lists were generated

using the same software and the same parameters. Specifically, proteins were
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separated on gel (NUPAGE Novex 4-12% Bis-Tris gel, Life Technologies, UK), in
NuPAGE buffer (MES) and visualised using InstantBlueTM stain (AbCam, UK). The
stained gel bands were excised and de-stained with 50mM ammonium bicarbonate
(Sigma Aldrich, UK) and 100% (v/v) acetonitrile (Sigma Aldrich, UK) and proteins were
digested with trypsin, as previously described 69. In brief, proteins were reduced in
10mM dithiothreitol (Sigma Aldrich, UK) for 30 mins at 37 °C and alkylated in 55mM
iodoacetamide (Sigma Aldrich, UK) for 20 mins at ambient temperature in the dark.
They were then digested overnight at 37 °C with 12.5 ng trypsin per yL (Pierce, UK).
Following digestion, samples were diluted with an equal volume of 0.1% TFA and spun
onto StageTips as described previously 70. Peptides were eluted in 40 yL of 80%
acetonitrile in 0.1% TFA and concentrated down to 1 pL by vacuum centrifugation
(Concentrator 5301, Eppendorf, UK). The peptide sample was then prepared for LC-
MS/MS analysis by diluting it to 5 pL with 0.1% TFA.

LC-MS analyses were performed on an Orbitrap Fusion™ Lumos™ Tribrid™
Mass Spectrometer (Thermo Fisher Scientific, UK) coupled on-line, to an Ultimate
3000 HPLC (Dionex, Thermo Fisher Scientific, UK). Peptides were separated on a 50
cm (2 um particle size) EASY-Spray column (Thermo Scientific, UK), which was
assembled on an EASYSpray source (Thermo Scientific, UK) and operated constantly
at 50 °C. Mobile phase A consisted of 0.1% formic acid in LC-MS grade water and
mobile phase B consisted of 80% acetonitrile and 0.1% formic acid. Peptides were
loaded onto the column at a flow rate of 0.3 yL min-1 and eluted at a flow rate of 0.25
ML min-1 according to the following gradient: 2 to 40% mobile phase B in 150 min and
then to 95% in 11 min. Mobile phase B was retained at 95% for 5 min and returned to
2% a minute after until the end of the run (190 min). Survey scans were recorded at
120,000 resolution (scan range 350-1500 m/z) with an ion target of 4.0e5, and injection
time of 50ms. MS2 was performed in the ion trap at a rapid scan mode, with ion target
of 2.0E4 and HCD fragmentation (Olsen et al., 2007) with normalized collision energy
of 28. The isolation window in the quadrupole was 1.4 Thomson. Only ions with charge
between 2 and 6 were selected for MS2. Dynamic exclusion was set at 60 s.

The MaxQuant software platform 71 version 1.6.1.0 was used to process the
raw files and search was conducted against our in-house Cryptococcus neoformans
var. grubii protein 25 database, using the Andromeda search engine 72. For the first
search, peptide tolerance was set to 20 ppm while for the main search peptide

tolerance was set to 4.5 pm. Isotope mass tolerance was 2 ppm and maximum charge
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to 7. Digestion mode was set to specific with trypsin allowing maximum of two missed
cleavages. Carbamidomethylation of cysteine was set as fixed modification. Oxidation
of methionine, and phosphorylation of serine, threonine and tyrosine were set as
variable modifications. Label-free quantitation analysis was performed by employing
the MaxLFQ algorithm 73. Peptide and protein identifications were filtered to 1% FDR.

Statistical analysis was performed by Perseus software 74, version 1.6.2.1.

2.11 Fluorescence microscopy

Live-cell microscopy was performed with a Spinning Disc Confocal microscope (Nikon
Ti2 CSU-W1) with a 100X oil objective (Plan Apo VC) coupled to a Teledyne-
Photometrics 95B sCMOS camera. For imaging, Z-stacks of 11 images (step size
0.5um) were acquired using a 491nm laser line for GFP and 561nm laser for mCherry.
Exposure times were 300ms and laser power was kept to the minimum to avoid
photobleaching. Images were captured using Nikon Elements software.

Imaged was used for all image analysis. Images were further processed in Adobe
Photoshop to adjust brightness and contrast, all adjustments were applied to whole

images uniformly, and to all images being compared.
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Chapter3

Cryptococcus mad1A and mad2A mutants are
checkpoint defective.

3.1 Introduction

During the metaphase to anaphase transition, the spindle assembly checkpoint (SAC)
(Figure 1.11) gets activated in response to improper kinetochore-microtubule
attachments. The key function of the SAC cascade is the generation of the mitotic
checkpoint complex (MCC), an effector complex which acts as an inhibitor of the
anaphase promoting complex (APC/C). The SAC thus helps to maintain genome
instability by generating an anaphase “wait signal” to ensure the accurate segregation
of the sister-chromatids. The assembly of MCC complex is largely dependent on the
master regulator kinase, Mps1 kinase. Mps1 orchestrates a phosphorylation-
dependent signalling pathway to assemble the MCC at kinetochores. Key to this
process is the Mad1-Mad2 complex, which is targeted to kinetochores through a direct
interaction with the phosphorylated SAC protein Bub1 by Mps1 kinase. Therefore,
Mad1-Mad2 assembly is very critical to SAC signal being at the centre of this
conserved signalling cascade. The importance of the involvement of this Mad1-Mad2
complex also has been assessed by continuously artificial tethering of this complex to
attached kinetochore. This Mad1-Mad2 tethering to kinetochore causes prolonged
activation of the spindle checkpoint and delays anaphase onset in the absence of

spindle poisons (Maldonado & Kapoor, 2011).
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3.2 Chapter Aims

A review of the literature in C. neoformans revealed that almost nothing was known of
the SAC signalling cascade in this organism. Very little of this conserved pathway has
been reported on this human fungal pathogen, other than a genome-wide knockout
screen of protein kinases which reported that both mps7A and bub1A displayed
reduced virulence. In this study, | aim to analyse the SAC signalling proteins and their
specific SAC-related functions in C. neoformans. In this work, | focus on finding
whether Mad1 and Mad2 functions as SAC proteins in C. neoformans. Failure to
maintain mitotic arrests is a characteristic for canonical checkpoint protein. This loss
of checkpoint functions lead to cell divides more rapidly than checkpoint-controlled
cells. Therefore, cells have less error correction time accurate chromosome
segregation. With erroneous chromosome segregation often led to abnormal
number(s) of whole or part of the chromosome. | sought to find mad1A and mad2A
phenotype and understand their ability to maintain proper checkpoint arrest. This study
further aims to understand mutant behaviour in response to anti-microtubule drugs.

Specific aims of this part of work have enumerated below:

a. What is the mad1A and mad2A deletion phenotype in C. neoformans? Does the
deletion of mad1A and mad2A make cells anti-microtubule drug and/ or temperature

sensitive?

b. Are mad1A and mad2A mutants checkpoint defective? | will assay the checkpoint

function of mad1 and mad2 knockouts in different ways.
c. | will assess whether mad? and mad2 mutants lose cohesin during a mitotic

‘arrest’ induced by anti-microtubule drugs, using fluorescence-tagged chromosome 3

via the lacO-lacl system.
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3.3 C. neoformans SAC proteins: Mad1 and Mad2

SAC components are evolutionarily conserved from unicellular yeast to vertebrates.
Exploration of the genomic database in C. neoformans (fungidb.org) showed that it
contains all the conserved SAC proteins including Mps1 kinase, Bub3, Bub1 kinase,
Mad1, Mad2 and Cdc20. Another spindle assembly checkpoint protein, Mad3 is a
yeast homolog of human BubR1. Gene duplication of Bub1 kinase led to
subfunctionalization into two proteins, Bub1 kinase and BubR1Ma%3, |nterestingly,
Cryptococcus possess a single Bub1 kinase (often referred as MadBub) protein
containing the predominant functional domains (Vleugel et al., 2012). A schematic of
all the proteins and their projected domains with possible interaction sites has been
depicted in Figure 3.1A.

The genomic database showed that Cryptococcus has the conserved mitotic
arrest deficient protein 1, Mad1. Mad1 has been well studied in other systems where
Mad1 found to remain at the central of SAC signalling pathway as a core SAC
component. Cryptococcus Mad1 is largely a coiled coil protein (as prediction from
COlLs and alpha fold2) (Lupas 1996) which has 679 amino acids and is 76.69 kDa in
size. The crystal structure of human Mad1 C-terminus has been revealed where Mad1
has suggested to be consist of a long coiled coil region. This structure also suggested
a well conserved C-terminal globular head which has RWD domain, similar to the
kinetochore binding domains Spc25 and Csm1 (Kim et al., 2012). Cryptococcus Mad1
also seems to have the conserved RLK (Arg-Lys-Leu) motif which has been reported
to help Mad1 to be recruited to kinetochores via direct interaction with phosphorylated
CD1 motifs of Bub1.
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Figure 3.1: Overview of SAC proteins in C. neoformans. (A) Schematics of SAC
protein domains and motifs of C. neoformans including Mps1 kinase, Bub1, Mad1,
Mad2 and Cdc20. Alpha fold model prediction (Mirdita 2022) of (B) Mad1 C-terminal
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head with four beta sheets at the C-terminus. (C) Alpha fold model of Mad2 full
length protein.
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3.4 mad1 and mad2 deletion creates anti-microtubule drug sensitivity and a

subtle temperature-sensitive phenotype.

While molecular genetic studies were originally restricted to model systems, the
molecular toolkit to study C. neoformans remains quite limited. Here, | have generated
mad1 and madZ2 deletion constructs using blaster cassettes designed by the Fraser
lab (Erpf et al., 2019). The details of the assembled constructs were described in
section 2.4.1. The schematic in Figure 3.2A depicts the 1kb flanking homology arms
at both ends were used to recombine with the actual gene of interest (mad? or mad2)
which was replaced by the recyclable acetamidase marker, amds2. Only those
transformants which had stable integration of the marker constructs and deletion of
mad gene, confirmed by genomic PCR analysis, were selected for phenotypic
screening (Figure 3.2C and 3.3B). mad1A has been confirmed by immunoblotting
using anti-Mad1 antibody (Figure 3.2D). Further regarding the marker, this was then
removed successfully by allowing homologous recombination of the two ends of the
blaster constructs by repeated re-streaking on fresh YPD media and then negative
selection on fluoroacetamide which kills any cells still containing the amds2 marker.

The molecular genetic analysis of the functions of a gene in virulence does not
entirely conclude with making a single mutant strain. To accomplish Falkow’s
molecular Koch’s postulates, and to prove any decrease in virulence is due to the
deletion of the gene of interest rather than any unanticipated effects of the gene
deletion process, the mutant strains must also need to be complemented. Creating
complementation of a gene deletion requires reintroduction of a wild-type copy of the
deleted gene back into the genome. C. neoformans is unable to stably maintain
plasmids and this makes complementation of mutants more difficult. | managed to
create complemented strains for mad71A strain. To make complement strain, a wild
copy of the Mad1 was reintroduced using a safe haven construct. Mad1 was
ectopically expressed with GFP tag at the N-terminus. Tagging at the C-termiusl of
Mad1 found to be non-functional in S. pombe. This expression was confirmed by
western blot (Figure 3.2D).

| first aimed to assess the benomyl sensitivity of C. neoformans mad1A strains.
mad1A strains were exposed to two different doses of benomyl (2 & 2.5 ug/mL) both
of which made mad1A sick compared to the wild type H99 strain (Figure 3.2E). mps1

knockout strains (generously provided by the Yong-Sun Bahn lab, Korea) also showed

89



strong phenotype in response to anti-microtubule drug treatment. | also attempted to
check if mad1 mutants have temperature sensitivity. From spotting assays shown in
figure 3.2E, it was difficult to assess whether mad1 mutant has any subtle temperature
sensitivity or not. Therefore, this temperature sensitivity has been described later in

this chapter using a plate reader.
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Figure 3.2: mad1A deletion phenotype. (A) Schematic of mad1 deletion

construction using the amds2 blaster cassette. (B) Schematic indicates the primers
used to confirm replacement of the mad7 gene. C) mad1A confirmation by PCR from
genomic DNA of respective strains. (D) Confirmation of the mad7A and complement
strain by western blotting. (E) Serial 10-fold dilutions were spotted for strains wild
type (H99), mad1A, GFP-mad1- mad1A & mps1A. Experiment C, D and E were
repeated in three biological independent replicates with similar results.
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| also generated a mad2A in C. neoformans using the blaster strategy (similar
strategy as on Figure 3.2A). For mad2A deletion confirmation, | carried out PCR
amplification analysis from genomic DNA of transformants with stable amds2
resistance. The design for PCR amplification confirmation is shown in Figure 3.3A.
mad2A strain with amdsZ2 included appear to have larger PCR amplified fragment due
to 4.06 kb of blaster cassettes. However, the successfully deleted strains has
undergone recombination of the blaster and eventually lose the blaster cassette. This
results in a smaller PCR amplified fragment as compared to the wild type mad2 gene
(Figure 3.3B).

mad?2 deletion also results in sensitivity to benomyl in spotting assays (Figure
3.3C). This benomyl sensitivity was rescued using complement strain. Myc-tagged
Mad2 was expressed under Galactose 7 promoter. Figure 3.3C shows benomyl
sensitivity of mad2A was rescued in galactose containing condition.

Double mutant (mad1A mad2A) might suggest whether either protein has
separate function(s) from Mad1-Mad2 complex or not. | have also generated a double
mutant (mad1A mad24) in C. neoformans. Benomyl sensitivity of double mutants
appeared to be quite similar to single mutant. Comparison of benomyl sensitivity
among all mutants are shown in Figure 3.3D. Double mutants with similar phenotype
as single mutants might suggest both protein work as a complex in the SAC signalling
cascade. Abolishing one protein or both might result similar disruption in the SAC
function. Therefore, both Mad1 and mad2 might function as a complex in SAC

signalling.
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3.5 mad1 and mad2 mutants failed to maintain mitotic arrests and divides with

catastrophic consequences affecting viability.

The use of 96-well microtitre plates and a programmable microplate reader can be
used to measure the growth of microorganisms quantitatively, by measuring the ODsgs
(Optical Density). The rate of increase in absorbance is directly proportional to the
growth of microorganisms in temperature-controlled microtiter plates. This rapid assay
has been done to check if mad?1 and mad2 mutants have a mild temperature
sensitivity. | included mps7 mutant as a positive control. Temperature sensitivity of
mps1A has already been reported by Yong-Sun Bahn lab (Lee et al., 2016). Although
we had not seen anything obvious on YPDA plates, both mad7 and mad2 mutants
appeared to have reduced at the higher temperature of 37°C, while both grew at 30°C
with no clear difference compared to wild type (Figure 3.4 A & B). Strong growth
sensitivity of mps1A at this higher temperature is similar with previously reported
results (Lee et al. 2016). The temperature sensitivity of mad2A has recently been
described and is consistent with our results (Sridhar et al., 2021). My study describing
mad1A temperature sensitivity is the first ever report to the best of our knowledge.
As both CnMad1 and CnMad2 typically act as core SAC components, we next
asked if their deletion mutants are able to maintain mitotic checkpoint arrest. To
assess this function, we exposed mad?1 and mad2 deletion cultures to the anti-
microtubule drug, nocodazole (2.5 pg/ml). After three hours of exposure, we fixed cells
to determine the percentage of cells which were mitotically arrested with large buds.
Figure 3.4C shows a representative bright-field micrograph of both mutants and wild
type (scale bar is 10 um). Microscopy revealed that the majority of the mutant cells
including mad1A, mad2A and mps1A were not arrested with large buds, unlike wild
type (H99) where around 95% arrested. The percentage of large-budded population
was determined by scoring percentage of cells with a budding index of > 0.55 (budding
index is considered as the ratio of bud size to the mother cell size). Consistent with
microscopic observation, the budding index measurements from these nocodazole-
treated cultures showed only around 20-30% of the mutant population can maintain
mitotic arrest, while approximately 95% of the wild type population were arrested in
mitosis with large buds (Figure 3.4D). This data suggests that mad mutants failed to
maintain mitotic arrest, and which is consistent with the hypothesis that they have

important checkpoint functions in C. neoformans.
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A limitation of following fixed cells is that one cannot follow the consequences
on individual cells of the treatment with anti-microtubule drugs. We sought to
determine mutants’ behaviour during nocodazole treatment of the same cells using
microfluidics analysis. Details of this analysis is described in the section 3.6.

Next, | wanted to understand whether failure to maintain mitotic arrest can affect
death rate as an indication of impact on cell viability. Cell viability is a measure of the
proportion of live, healthy cells within a population. Cell viability assays are used to
measure the physical and physiological health of cells in response to extracellular
stimuli, chemical agents, or therapeutic treatments (Kamiloglu et al. 2020; Alamoudi
et al. 2018). | analyse the rate of death (decrease in viability) of the mad mutants. |
followed the cells during nocodazole treatment and counted the percentage of colony
forming units (CFU) by plating individual cells during a time-course of a few hours. The
percentage CFU of all mutants and wild-type is shown in Figure 3.4E. Nocodazole was
added at time zero and data for the following three hours is presented in the Figure
3.4E. Although affected slightly, with a decreasing trend, the wild type continues to
grow with significant number of colonies forming units. However, all the mutants
including mad1, mad2 and mps1 showed a rapid fall of CFU counts, showing that cells
die rapidly during this experiment. One possible hypothesis is that mutants lose
chromosomes during mitotic divisions where they fail to maintain arrest in mitosis. This

chromosome loss (aneuploidy) will likely lead to lethal consequences.
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Figure 3.4: mad mutants failed to maintain mitotic arrest. The strains indicated
were grown in Tecan plate readers at (A) 30°C (B) 37°C. (C) Bright-field microscopic
images of fixed cells after nocodazole treatment. (D) The percentage of metaphase
arrested cells post nocodazole exposure. Each data point represents 300 cells.
Statistical significances were determined in GraphPad prism version 8.0 by
performing one-way ANOVA in Tukey’s multiple comparison test. (E) Percent viable
CFU compared to wild type was plotted every half an hour after nocodazole
treatment on all cell types. Scale bar, 10 um. All experiment were repeated in three
biological independent replicates with similar results.
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3.6 Live cells imaging in microfluidics, confirmed that Cnmad1 and Cnmad2
mutants are checkpoint defective.

Microfluidics technologies have been developed in recent years to allow higher
throughput collection of yeast replicative lifespan data. The key usefulness of
microfluidic devices is to keep cells trapped whilst under a flow of fresh media.
Therefore, this device work by trapping cells in such a way that fresh media is
continuously supplied. The device also confirmed that cells do not move with the
pressure of the media flow. In addition, their design also washes away daughter cells
by the flow (Duran et al., 2020). Using such microfluidics devices has advantages over
traditional microdissection in many aspects, such as, progeny is automatically
removed by the fluid flow; hundreds of cells can be monitored concurrently using very
tiny size of device trap; and the continual nature of progeny removal reduces the data
collection time from several weeks to several days (Y. Chen et al., 2017). Most
available devices were designed for the model yeast S. cerevisiae. Recently, a
microfluidics device was designed specific for C. neoformans which is surrounded by
a polysaccharide capsule which contributes to cells clumping or sticking together
(Orner et al., 2019) . Their optimized device can successfully trap individual C.
neoformans cells, accommodates the cell size increase over generations within the
isolation buckets, and substantially reduces the likelihood of cells sticking and
clumping within the channel. Figure 3.5A shows bucket design to hold cells ranging
from 5-9+ ym so that it can allow for cell growth over generational aging. The flow
directions have been shown in figure 3.5B where black arrows represent media flow
direction and green arrows is for bud removal.

A schematic of the experimental design for following single Cryptococcal cells
in post nocodazole treatment is shown in figure 3.5C. Overnight cultures have been
grown in the morning for five hours before nocodazole addition. Starting from the time
when nocodazole was added, cells were followed until next 10 hours. However, only
those arrested within next four hours have been analysed (Figure 3.5D). Percentage
of nocodazole induced arrested cells have been carefully analysed. Figure 3.5F
represents data from this analysis. Percentage of arrested cells is very low (around
10%) in mutants, whilst almost 95% in wild type strain. This analysis in microfluidics

in consistent with the data from the fixed cells analysis in section 3.5.
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Percentage of cell arrested in mitosis in microfluidics. N= 100 cells. Scale bar, 10
pum. Experiment D and E were repeated in three biological independent replicates
with similar results.

98



3.7 mad2A lose cohesion and sister chromatids separate prematurely due to
checkpoint activation failure.

The products of chromosome duplication, termed sister chromatids, are held together
from the time they emerge from the replication fork until their separation in anaphase.
This process is known as cohesion and ensures faithful chromosome segregation in
mitosis (Villa-Hernandez & Bermejo, 2018). The nature of the linkage holding together
the sister chromatids was a long-standing question for years. This was solved by the
identification of cohesin thirty years back. Cohesin is an evolutionarily conserved
protein complex and one of structural maintenance of chromosomes (SMC)
complexes. This forms a ring-shaped protein complex and resolves sister chromatid
cohesion for accurate chromosome segregation. Cohesin is believed to bring two
double-stranded DNAs into intimate physical proximity by topological entrapment, thus
creating cohesion between two sister chromatids (Farcas et al., 2011). Cohesin was
identified as the key mediator of sister chromatids cohesion in budding yeast. The
outcome of complete loss of a cohesin subunit is lethal, resulting in dissolution of the
cohesion between sister chromatids and premature sister chromatids separation in
metaphase. This leads to mitotic exit and entry into anaphase with erroneous
chromosome segregation and aneuploidy.

Dissolution of cohesion in the subsequent mitosis is controlled by various
mechanisms that ensure that daughter cells receive the correct number of intact
chromosomes. When cells cannot maintain proper mitotic arrest, cohesion is seen to
be partially lost. Once cohesion is lost partially, sister chromatids no longer remain
together, and they start separating. Maintaining sister chromatid cohesion is a key role
for spindle checkpoint function. Therefore, we aimed to examine mad2A checkpoint
functioning by following cohesion loss by monitoring a fluorescently tagged
chromosome (chromosome 3) in both mutants and wild type C. neoformans.

| have adopted the /lacO/Lacl-mNeonGreen locus-tagging system to ascertain
chromosome dynamics in living cells. The artificial targeting of proteins to an ectopic
chromosomal locus is not novel. The lacO/Lacl is one of the systems that has
extensively been used in different studies. The system comprises of several lacO array
repeats (that can vary depending on different studies), which are inserted at an ectopic
locus on the chromosome and bound by the prokaryotic lactose repressor protein Lacl.

Lacl can bind to the Lac operator sequences with a very high affinity. GFP-Lacl fusions
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have been originally used to recruit GFP on /lacO arrays to follow chromosome
segregation and visualize chromosome dynamics during the cell cycle in several
model organisms (Heun et al., 2001; Straight et al., 1996).

In this study, we inserted 240 /acO repeats in the genomic safe haven site in
chromosome three coordinates 1,288,438 -1,289, 938 loci (Figure 3.6A). This small
gene-free region on chromosome three was originally identified in the Fraser lab (Arras
et al., 2015). They also confirmed that inserting vectors into this locus does not disrupt
other genes and produce confounding phenotypes. In addition, integration into these
sites has no impact on the transcription of flanking regions, on the virulence-
associated phenotypes, or on virulence itself.

Upon successful integration of the /acO repeats, the Lacl protein was tagged
with mNeon-Green and expressed from the constitutive HIS promoter. Lacl-
mNeonGreen integration was confirmed by immunoblotting using anti-mNeonGreen
antibody and visualised under the microscope. Figure 3.6B represents microscopic
images of mNeonGreen dot on chromosome three. We successfully deleted mad2A
in this strain. We wanted to check the separation of mNeonGreen dots in both wild
type (where the mad2 strain was complemented with an ectopic MADZ2 gene) and
mad2A during nocodazole treatment. Interestingly, in wild type cells, all the
mNeonGreen dots on chromosome three remained as a single dot, whereas mad2A
appears to lose cohesion as most of the large budded arrested cells had two separate
mNeonGreen dots.

| decided to count the number of mitotic-arrested cells that had lost cohesion
indicating failure to maintain checkpoint arrests. Around half of the ‘arrested’
population in mad2A had cohesion lost and separated sister chromatids, while almost
all the wild type cells had intact single mNeonGreen dot during mitotic arrest induced

by the anti-microtubule drug, nocodazole (Figure 3.6C).
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Figure 3.6: mad2A lose cohesion resulting premature sister chromatid
separation. (A) Schematic showing two replicated chromosome 3 marking with
Lacl-mNeonGreen using laoO-Lacl system. (B) Microscopic images showing
chromosome dynamics in wild type and mad2A with or without nocodazole. Scale
bar, 10 um. (C) Percentage of metaphase arrested cells with separated sister
chromatids has been plotted in mad2A and compared with the wild type strains. N =
300 cells. Experiment B and C were repeated in three biological independent

replicates with similar results.
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3.8 Discussion

In this part of my work, | have described mad1 and mad2 knockout mutants in C.
neoformans. Although mad2A was described during my PhD and reported to be
temperature and anti-microtubule drug sensitive (Sridhar et al., 2021), this thesis
revealed the first mad? knockout in human fungal pathogen C. neoformans. | also
mutated mad2, for better understanding of SAC proteins signalling cascade in this
pathogen.

| next sought to understand the phenotype of the deletion of mad?1 and mad2
knockouts. Using serial diluted spotting assay, | determined that both the mutants have
anti-microtubule drug sensitivity. Thus, similar to the initial findings of mad? and mad?2
phenotypes in studies of checkpoint proteins in the model yeast, S. cerevisiae, both
mutants have anti-microtubule drug sensitivity. The deletion phenotypes were rescued
by reintroducing expression of a the wild-type copy of both genes, tagged with GFP
and myc at the N-terminus of mad1 and mad2 respectively. These complemented
strains rescued the phenotype in anti-microtubule drug stress. In addition, both mad1
and mad2 mutant showed slight temperature sensitivity compared to wild type as seen
on plate reader growth. Unlike other yeasts, C. neoformans mad mutants showed
slight sensitivity to higher temperature. Growth at 37°C, which is human body
temperature, is critical for this human pathogen. Establishment of pulmonary infection
inside human lungs requires thermotolerance which is key virulence factor for C.
neoformans (Alspaugh, 2015; Trevijano-Contador et al., 2018). mad1 and mad2
mutants are not temperature-sensitive in either S. cerevisiae or S. pombe. More
careful studies are needed in future to understand whether the mitotic cell division is
slower in mad mutants at higher temperature.

| carefully examined the ability of the mad mutants to maintain proper mitotic
checkpoint arrest in response to nocodazole, an anti-microtubule drug. Interestingly,
both fixed cells analysis in the microscope and live cells imaging on microfluidics
studies, suggests that these mutants are checkpoint defective as they failed to
maintain mitotic arrest. The percentage of arrested cells was significantly lower in the
mutant cells compared to wild type. This suggests the failure of checkpoint activation
and/or maintenance in mad1 and mad2 mutants in C. neoformans. Additionally, they
continue to divide as seen on live cells imaging on microfluidics. We aimed to

understand the cost of continued cell division without monitoring proper chromosome
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segregation via checkpoint activation. In this pursuit, | followed percentage of CFU
(Colony Forming Units) in post nocodazole treatment. As expected, mad mutants
failed to form visible colonies with a very swift fall in viability, whereas wild type cells
showed a gradual decrease in CFU percentage. Cell viability can also be assessed by
several means including fluorescence microscopy, flow cytometry, and microplate
reader. In future, fluorescence microscopy can reveal more data on cell viability of
mad mutants in Cryptococcus after nocodazole treatments. Using membrane integrity
dyes, dyes to detect enzyme activity substrates or metabolic activity reagents could
be used in future to differentiate between healthy and dead cells in fluorescence
microscopy. Following each dye after nocodazole treatment, could help to detect
whether cells are living or dead. Multi-parameter assays could be done using multiple
dyes within one convenient kit. Whether cells lose viability due to chromosome mis-
segregation would be interesting to test in future. Centromere of a chromosome could
be labelled with fluorescence protein to test whether the decrease in cell viability was
a result of chromosome segregation errors during nuclear division. Cells in anaphase
could be followed to check segregation of fluorescence tagged centromere
segregation during nuclear division. Together all these experiments could generate
the hypothesis that the checkpoint mutation results in decreased cell viability and the
loss of C. neoformans cell viability during a prolonged mitotic arrest is due to the
consequence of chromosome segregation errors.

Prior work on checkpoint mutants suggested that they often loose
chromosomes as they are checkpoint defective. Once we confirmed C. neoformans
mad1A and mad2A were checkpoint defective, we sought to examine this
chromosome loss by following chromosome dynamics. As discussed in section 3.7,
mad2A was screened to check if they can maintain cohesion to keep sister chromatids
intact. Wild type exhibited intact sister chromatids with no distinct separation, whilst
mad2A showed significant loosening of cohesion as seen by separated sister
chromatids after mitotic arrest induced by an hour incubation with nocodazole.

To conclude, these results suggest that Mad1 and Mad2 have well conserved
checkpoint functions in C. neoformans. Both of them are critical for this fungal
pathogen to maintain proper checkpoint function. The roles of mad2 in checkpoint

functions were further confirmed by determining clear cohesion loss in arrested cells.
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Chapter 4

Mad1 is recruited to unattached kinetochore in mitotic
arrest and interacts with other SAC components, Bub1,
Mad2 and Cdc20 in mass-spectrometry based analysis.

4.1 Introduction

Mad1 and Mad2 localises to the nuclear pore complex (NPC) during interphase. The
NPC is a macrostructure complex within the nuclear envelope which is comprised of
around 30 different proteins called nucleoporins/Nups (Hetzer & Wente, 2009). NPCs
serve significant roles as transport route of RNA and protein between the nucleus and
the cytoplasm. A functional association exists between Nuclear Pore Complexes
(NPCs) and kinetochores. This has been suggested as a result of their shared
interactions with two components of the spindle assembly checkpoint components,
Mad1 and Mad2, in both yeast and metazoan cells (Campbell et al., 2001; Sironi,
2002). Throughout interphase, these two proteins (Mad1 and Mad2) are docked at the
nucleo-plasmic side of the NPC. This is mainly through interactions with a well
conserved family of coiled-coil proteins (Tpr in vertebrates, Megator in flies and Mip1/2
in yeasts) that make up the nuclear basket (Campbell et al., 2001; Lee et al., 2008;
Lince-Faria et al., 2009; Scott et al., 2005). This localization persists until Nuclear
Envelope Breakdown occurs during mitosis in higher eukaryotes. During mitosis,
Mad1-Mad2 complex is then moved to unattached kinetochores by upstream
components of the SAC. During interphase, the extend of Mad1-Mad2 localisation is
100-fold higher at the NPCs than in mitosis (Campbell et al., 2001; Shah et al., 2004).
Even though, the functional roles of Mad1 and Mad2 at interphase in NPCs remain ill-
defined and nothing is reported in yeast. One possibility is Mad1-Mad2 complex could
modulate traffic across the nuclear envelop. This hypothesis is supported by the
finding that S. cerevisiae Mad1 cycles between NPCs and kinetochores to inhibit
Kap121-mediated nuclear import during closed mitosis (Cairo et al., 2013). In
metazoans, Mad1 and Mad2 recruitment at nuclear envelop have been suggested to

support SAC signalling. This is again supported by the finding that, Mad1-Mad2
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complex generates MCC at nuclear pores which helps to prepare cells for proper
metaphase entry (Rodriguez-Bravo et al., 2014). The amino terminal half was reported
to contain a TPR binding domain and responsible for nuclear localisation for pre-
mitotic anaphase inhibitor formation (Rodriguez-Bravo et al., 2014). However, little is
known about Mad1 and Mad2 localisation at the nuclear envelop and shuttles between
nuclear envelop and kinetochore throughout the cell cycle. The molecular details of
the regulation of nuclear-cytoplasmic transport (Cairo et al., 2013) is still remains to
understand.

The previous chapter described C. neoformans Mad1 and Mad2 and provided
evidence that they are SAC proteins in this organism. Next, | wanted to determine the
localisation dynamics of CnMad1. CnMad2 has been shown to be non-functional when
fluorescently tagged with GFP at either ends (unpublished data from Kaustav Sanyal
lab, India). One key question | tried to answer is whether Mad1 is recruited to
unattached kinetochores in mitosis. Mad1 localisation at unattached kinetochores is
thought to be critical for checkpoint functions. This is because Mad1 stably bound to
Mad2 and this is then able to recruit another Mad2 and catalyse its structural
conversion (open to closed form), such that it is now able to bind to Cdc20. This Mad2-
Cdc20 interaction is the rate limiting step of MCC generation.

This chapter also describes RFP-Bub1 pull down to detect whether Mad1
interacts with Bub1 in nocodazole arrested cells. Studying these CnMad1 interactions
is further followed by mass spectrometry to identify proteins that interact with CnMad1.
Using mass spectrometry, Mad1 appears to interact with several SAC components
(Bub1, Mad2 and Mps1), effectors (Cdc20 and APC subunits), other kinetochore

components and nuclear envelop proteins.
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4.2 Aims of this Chapter.

Mad1 localisation has been found to be spatio-temporally regulated in yeasts and
mammalian cells. Mad1 localises to nuclear envelop during interphase. This
localisation is dynamically shifts from nuclear envelope to kinetochore in mitosis. This
localisation shifts remodel nucleoporin complexes during SAC arrests. Mad1
localisation trafficking also reported to be important as a mean of crosstalk between
nuclear envelop function and cell cycle progression (Dasso 2013). Mad1 localisation
remains to uncover in C. neoformans. | aim to study whether Mad1 localises to
unattached kinetochore during mitotic arrest. Localisation of checkpoint proteins to
kinetochore is critical for SAC functions, as kinetochore is the active SAC generation
site. Furthermore, it would be interesting to understand whether Mad1 exists with other
checkpoint interactors and effectors in the SAC signalling cascade in C. neoformans.
Uncovering Mad1 protein-protein interactors would help to understand underlying
possible SAC interactors and effectors in C. neoformans. This part of works sought to

understand C. neoformans Mad1 localisation and protein-protein interactions.

A) Where does Mad1 localise during interphase? Does it go to unattached

kinetochores during mitosis?

B) Does Mad1 colocalise with the Bub1, SAC checkpoint protein? | also aim to

determine the Bub1-Mad1 interaction biochemically.

C) What are the other interactors of Mad1 in C. neoformans, revealed by performing

mass spectrometry?
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4.3 GFP-tagged Mad1 localisation revealed Mad1 decorating the nuclear

envelope during interphase in C. neoformans.

Localisation of C. neoformans Mad1 has not been studied previously. | aimed
to observe its localisation dynamics throughout the cell cycle. In the pursuit of this, |
tagged Mad1 at its N-terminus with GFP. Tagging Mad1 at C-terminus with GFP
resulted non-functional protein in S. pombe (Unpublished data from Hardwick lab).
Figure 4.1A depicts a schematic of CnMad1 protein domains with possible interaction
sites for Bub1 and Mad2. Localisation of CnMad1 during interphase and mitosis is
tested with respect to DNA stained with Hoechst dye. Similar to other systems, C.
neoformans Mad1 (GFP-Mad1) appeared to localise at the nuclear periphery (nuclear
DNA was stained with Hoechst dye) during interphase (represented in Figure 4.1B as
no nocodazole treated cells). It would be interesting to know the dynamics of Mad1
localization during mitosis. We analysed Mad1 localisation in nocodazole-arrested
cells. Most of the Mad1 signal appeared to move to as clustered GFP-Mad1 foci, rather
than being in nuclear envelope as in interphase. We observed this GFP-Mad1
clustering in nocodazole-arrested cells (Figure 4.1B). We hypothesise that, similar to
other systems including yeasts and metazoans, Mad1 moves from the nuclear
envelope in interphase to kinetochores during mitosis. This is in consistent with the
ideas that Mad1 being involved in the generation of MCC at unattached kinetochores

during mitosis and being a canonical component of SAC signalling cascade.
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Figure 4.1: Mad1 localisation in cycling and arrested cells. (A) Schematic of
CnMad1 proteins showing all possible interaction sites with other proteins. (B) GFP-
tagged Mad1 appears to remain throughout the nucleus and mainly in nuclear
envelop. Chromosomal DNA has stained with Hoechst dye in blue. In nocodazole-
arrested cells, GFP-Mad1 signals clustered appearing as a bright GFP foci, probably
localising to unattached kinetochores in response to nocodazole-treated mitotic
arrests. 2.5 pg/ml nocodazole was used for three hours to arrest cells in mitosis.
Experiment was repeated in three biological independent replicates with similar
results. Scale bar, 10 pm.
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4.4 Mad1 localisation dynamics relative to spindle pole bodies.

Microtubules are major constituents of the cytoskeleton in all eukaryotic cells. They
are essential for multiple cellular functions including chromosome segregation during
cell division. Their assembly has to be controlled, both spatially and temporally. For
this, the cell uses multiprotein complexes containing y-tubulin (Farache et al., 2018).
Multiprotein y-tubulin ring complexes (y-TuRCs) template microtubule nucleation
within cells. We aimed to understand Mad1 localisation proximity to y-tubulin complex.
To do this, | compared the localisation of GFP-tagged Mad1 and mCherry-tagged y-
tubulin in C. neoformans.

We aimed to understand Mad1 and y-tubulin localisation in cycling cells. Figure
4.2A shows a montage of cells presented from a cycling population, highlighting
different stages of mitosis. The Mad1-GFP signal are in the nuclear periphery and
within the nucleus early in mitosis. In basidiomycetes, the spindle pole moves to the
bud and chromosome separation takes place within the daughter bud (Kozubowski et
al., 2013). GFP-Mad1 signal exists between the two spindle poles in mitosis, possibly
indicating enriched positioning on mitotic kinetochores. This bipolar spindle elongates
and one pole along with one set of sister kinetochores move back into the mother cell.
Half of the GFP-Mad1 foci also moves back to mother cells and re-positions in nuclear
periphery of both mother and daughter bud. Further to this, in nocodazole-treated
cells, the clustered GFP-Mad1 foci is adjacent to, but clearly distinct from the y-tubulin
(Figure 4.2B).

We could not detect Mad1 colocalisation with y-tubulin in mitotic arrests. We
further aimed to detect whether CnMad1 colocalises to unattached microtubules. This

is further discussed in section 4.5.
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Figure 4.2: Mad1 localises close to spindle poles during mitosis. (A) Snapshots
depicting localisation of Mad1 (GFP-Mad1) and spindle poles (Tub4-mCherry)
throughout the mitotic cell cycle. GFP-Mad1 was expressed under the HIS promoter.
(B) Mad1 (GFP-Mad1) localises close to spindle poles (mCherry- y-tubulin and GFP-
Mad1) in nocodazole (2.5 pg/ml)-arrested mitosis. Experiment A and B were
repeated in three biological independent replicates with similar results. Scale bar, 10
pm.
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4.5 Mad1 colocalises to unattached kinetochore during mitotic arrest.

As discussed in the previous section, Mad1:C-Mad2 localisation is mainly confined to
the nuclear envelope throughout interphase. The production of new C-Mad2 (able to
bind and inhibit Cdc20) reaches its peak when the Mad1:C-Mad2 complex localises to
unattached kinetochore (Chen et al., 1999; Tipton et al., 2011). Much prior work has
aimed to characterise kinetochore receptor(s) for Mad1 (Kim et al., 2012; Ji. Et al.,
2017). Efforts have also been made to determine the region in Mad1 required for
kinetochore targeting and to determine the hierarchical dependency relationships of
Mad1 with other proteins for kinetochore localization. The N-terminal domain of Mad1
was initially thought to be responsible for its localization to kinetochore (Chung &
Chen, 2002). However, the C-terminal domains were also found to have a role in Mad1
kinetochore localisation (Kim et al., 2012). Biochemical assays showed, the N-terminal
of Mad1 found to interact with Ndc80 (Martin-Lluesma et al., 2002), TPR (Lince-Faria
et al., 2009), Nek2 (Luo et al., 2018), CEPS7 (Zhou et al., 2016), and CENP-E (Akera
& Watanabe, 2016), whilst the C-terminal region binds directly to SAC protein, Bub1.
The very end of the C-terminal domain has recently been suggested to interact with
Cdc20 in human (Ji et al., 2017). However, in S. cerevisiae and Caenorhabditis
elegans, Bub1 is recruited to kinetochores through phosphorylated Knl1Sr¢'05 and
then Bub1 recruits Mad1/Mad2 by direct linkage with Mad1. RZZ forms a second
parallel pathway for Mad1 recruitment to outer kinetochore corona (a proteinous
extension of outer kinetochore to facilitate efficient kinetochore-microtubule
attachment) in metazoans. However, Bub1 is the only reported kinetochore receptor

for Mad1 in yeasts.

In the pursuit of clearer understanding of Mad1 localisation to unattached
kinetochores, we followed GFP-Mad1 localisation in cells with RFP-tagged
kinetochore markers. We firstly checked Mad1 localization with the outer kinetochore
protein, Dad2 (Figure 4.3A). Dad2 is an outer kinetochore protein belonging to the
Dam-DASH complex which is a yeast specific kinetochore component (Jenni &
Harrison, 2018; Sridhar et al., 2021). Dad2 contributes to microtubule plus-end binding
and is involved in the positive regulation of attachment of spindle microtubules to

kinetochores and of microtubule polymerization. | utilized a strain where Dad2 has
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been tagged with red fluorescent marker mCherry. | observed clear colocalisation
between GFP-tagged Mad1 and mCherry-tagged Dad2 in nocodazole-treated C.
neoformans (Figure 4.3A). Nocodazole-arrested cells were visualised to confirm that
Mad1 colocalises to unattached kinetochores.

| further confirmed Mad1 localization to unattached kinetochores through Mad1
colocalization with an inner kinetochore protein, Cse4. Cse4 in yeast (CENP-A
orthologs in human) is a centromere-specific nucleosome component which replaces
the canonical H3 at centromeres. | tagged Cse4 with mCherry under Cse4
endogenous promoter. Microscopy revealed Mad1 (GFP-Mad1) colocalization with
mCherry-tagged Cse4, as they appeared as yellow foci in the merged channel in
nocodazole-arrested cells (Figure 4.3B). In cycling populations (no nocodazole
condition), Cse4 appears as distinct kinetochore dots, while GFP-Mad1 mostly
remains at the nuclear envelope.

Here we confirmed Cryptococcus Mad1 localisation shuffles from nuclear
envelope to unattached kinetochore during mitosis. This mitosis specific localization
indicates Mad1’s possible roles in nuclear trafficking of molecules between nucleus
and cytoplasm could depend on the cell cycle stage. Additionally, Mad1 colocalisation
to unattached kinetochores suggests the critical roles of Mad1 in spindle assembly

checkpoint generation.
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Figure 4.3: Mad1 colocalizes to unattached kinetochore. (A) Mad1 colocalizes to
outer kinetochore protein, Dad2 (GFP-Mad1 & Dad2-mCherry) in nocodazole (2.5
pg/ml)-arrested mitosis (B) Mad1 colocalizes to kinetochore protein Cse4 in
unattached kinetochore during nocodazole-arrest (GFP-Mad1 and mCherry-Cse4).
In cycling population (presented as minus nocodazole) Mad1 remain localized in
nuclear periphery and nucleus, whilst distinct scattered Cse4 signal is obvious within
nucleus. Experiment A and B were repeated in three biological independent
replicates with similar results. Scale bar, 10 pym.
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4.6 Mad1 interacts with Bub1 during mitotic arrest.

Mad1 is recruited to kinetochore as a Mad1-Mad2 hetero-tetrameric complex. This
recruitment of Mad1-Mad2 complexes to unattached kinetochores can be considered
as a central event in activation of the spindle checkpoint signalling. Although more
than one pathway works simultaneously to switch Mad1-Mad2 to kinetochores in
human (Rodriguez-Rodriguez et al., 2018), Bub1 is the only kinetochore receptor of
Mad1 in yeast. As discussed in previous section (1.8.5), Mad1 interaction with Bub1
is critical for kinetochore recruitment and proper SAC functioning of Mad1. This
interaction has been described to be dependent on Mps1 function. Mps1
phosphorylates Bub1 at a middle-conserved domain 1 (CD1), which then recruits
Mad1 to kinetochores. This Bub1-Mad1 binding is now in consensus that this occurs
through Bub1-CD1 interaction through conserved RLK motifs of Mad1 (Ji et al., 2017;
Fischer et al., 2021). Amino acids sequence alignment predicted two RLK motifs are
present in CnMad1 (Figure 4.4A). In this study, | tried to understand if Bub1 interacts
and recruits Mad1 to unattached kinetochores.

Prior works had tried to see this direct Bub1-Mad1 interaction through
biochemical means. In human cell lines, this transient complex had been proven really
challenging to detect (Faesen et al., 2017; Kim et al., 2012). Later works on Hela cells
showed a direct interaction exist between Bub1 and the C-terminus of Mad1 (Zhang
& Nilsson, 2018). However, Bub1-Mad1 interaction had also clearly been found in C.
elegans, even though the SAC cascade is regulated with distinct differences in this
organism which lacks Mps1 kinase (Espeut et al., 2015; Moyle et al., 2014).

To examine the Bub1-Mad1 interaction more closely in C. neoformans, | tried
to pull down RFP-tagged Bub1 from cells which were arrested with nocodazole for
three hours. | found that Mad1 co-immunoprecipitated with RFP-Bub1 following an
anti-RFP pull down in nocodazole-arrested cultures (Figure 4.4B). | was also
interested to see if Bub1 co-immunoprecipitates with GFP-Mad1 following an anti-GFP
pull down. Unfortunately, | could not detect this interaction from this direction of IP
(Data not shown here). However, as mentioned earlier in this section, Cryptococcus
Mad1 has two RLK motifs (549-51RLK and 567-9RLK). The later RLK motif showed
to be conserved in multiple sequence alignment (Figure 4.4A). In order to understand

which motif is critical for Bub1-Mad1 interaction, it would be interesting to know which
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motif mutation can disrupt Bub1-Mad1 interaction. | have generated triple alanine
mutated RLK motifs in two separated constructs. Both alleles were expressed under
the similar promoter as the wild type GFP-tagged Mad1 generated. Figure 4.4B shows
that it is only 567RLK/AAA mutation in CnMad1 that disrupt the Bub1-Mad1 interaction
completely. This RLK motifs appears to be conserved among human and other model
yeasts where RLK motif has already been described to be important for Bub1-Mad1
interactions and checkpoint functions of Mad1 (London et al. 2014).

| aimed to observe if Mad1 colocalises with Bub1 at unattached kinetochores
during metaphase arrest. During interphase, GFP-tagged Mad1 remained at the
nuclear periphery and nucleus during interphase, while Bub1 was diffuse throughout
the cells with no distinct RFP-Bub1 foci being obvious. However, in nocodazole
arrested cells, microscopy revealed clear colocalisation of GFP-Mad1 and RFP-Bub1
foci, seen as yellow foci in the merged channel (Figure 4.4C). This perfectly
colocalized Bub1-Mad1 signal indicates a possible interaction between Bub1 and
Mad1 at kinetochores while cells are arrested in metaphase. It would be interesting to
further understand which specific RLK motifs are important for this colocalization.

In the future, mutating promising single interacting residues to disrupt this
interaction would help to reveal possible interaction mechanisms and understand their

underlying molecular events targeting critical Bub1-mad1 protein-protein interactions.
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Figure 4.4: Cryptococcus Mad1 mteracts with Bub1. (A) Amlno aC|ds sequence
alignment showing two RLK motifs present within CnMad1 CTD. (B) Co-
immunoprecipitation of GFP-Mad1 with RFP-Bub1 in nocodazole-arrested cell
extracts. GFP-Mad1 was detected using an anti-GFP antibody, and RFP-Bub1 was
pulled down with an anti-mCherry antibody (generously provided by the Swain lab).
mad1A was included as control. IP was repeated three times. (C) Colocalization of
C. neoformans GFP-Mad1 with RFP-Bub1 in nocodazole arrested cells, reveal a
close interaction between these two proteins during the arrests in metaphase.
Experiment C was repeated in three biological independent replicates with similar
results. Scale bar, 10 pm.
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4.7 Mass spectrometry revealed Mad1 interacts with other SAC proteins.

Mass spectrometry (MS) is an analytical technique that provide valuable structural
information on analytes by measuring their mass-to-charge ratios (m/z). Mass
spectrometry can be used to analyse various biomolecules including DNA/RNA,
proteins, lipids, carbohydrates and metabolites. It is thus playing a significant role in
numerous areas such as molecular biology, drug discovery, environmental science,
and clinical diagnosis. Because of high sensitivity, accuracy and efficacy, mass
spectrometry is becoming an indispensable and reliable tool for proteomic studies.
We used GFP-trap magnetic beads to accomplish large scale purification of
GFP-Mad1 from C. neoformans cells (500mL cultures). Following this, Christos
Spanos and | performed mass spectrometry on the Mad1 complexes in both cycling
and nocodazole-arrested cells. Untagged wild type cells were included as control.
When we compared the GFP-Mad1 pull down between nocodazole-arrested mitotic
cells and cycling cells, we identified an array of SAC components and effectors, APC
(Anaphase Promoting Complex) subunits, nuclear pore proteins, kinetochore proteins
and other components. SAC components include Bub1, Mad2 and Bub3. The
checkpoint effectors, Cdc20 and several APC subunits were also detected as Mad1
interactors included Apc 1, 2, 3, 4, 5, 6, 8. There were a few other candidate mitotic
regulators (PLK, PP1 (Protein Phosphatase1), PP2A) and the kinetochore protein
Stu1 (Figure 4.5A). We further compared GFP-Mad1 pull down data between
nocodazole-arrested GFP-tagged and untagged wild type strains. Here, we could
detect specific enrichment of many SAC components such as Bub1, Mad2, Mps1,
Bub3 and Cdc20 (Figure 4.5B). In addition, we compared cycling and nocodazole
arrested GFP-tagged strains and presented this in figure 4.5C. Mad2 and several
nuclear pore proteins appears to be strong interactors of Mad1 in cycling strains. In
addition, cycling cells showed more nuclear pore proteins than compared to
nocodazole arrested cells (Figure 4.5D). Most of the APC subunits were significantly
higher in nocodazole-arrested cells compared to cycling strains, indicating that these

interactions are cell cycle regulated.

The dashed line in figure 4.5 A, B & C represents a significance threshold of P =
0.05.
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Figure 4.5: Mad1 interactors analysed by mass spectrometry. (A) GFP-trap
immune-precipitates from a strain expressing GFP-Mad1 were compared between
nocodazole-arrested cells and cycling cells. 2.5 pg/ml nocodazole was used to arrest
cells in mitosis. Immuno-precipitates were run into an SDS-PAGE gel, cut out and
digested into peptides with trypsin before analysis on a Orbitrap Fusion™ Lumos™
Tribrid™ Mass Spectrometer. Volcano plots show the difference (mean LFQ
difference) and confidence (-log1oP-value of Perseus statistical test) between the
GFP-Mad1 arrested and cycling cells (n=3 for each). (B) Volcano plot showing
difference (mean LFQ difference) and confidence (-log1o(P-value of Perseus
statistical test) of GFP-TRAP pull downs from nocodazole-arrested versus untagged
wild type, H99 strain (C) cycling GFP-Mad1 versus nocodazole-arrested wild type.
(D) Volcano plot highlighting only nuclear pore proteins in GFP-Mad1 strain in
arrested and cycling cells (n=3 for each).
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4.8 Discussion & future work.

This chapter aimed to study the localisation dynamics and protein-protein interactions
of Mad1 in Cryptococcus neoformans. We found that Mad1 localises in nuclear
envelope and within the nucleus during interphase. This is consistent with most other
systems, including from yeast to human. NPC-bound Mad1 has reported to control
nuclear trafficking to modulate SAC signalling in budding yeast. In this system, Mad1
found to be cycles dynamically between unattached kinetochores and Nup53 on
NPCs. This Mad1 cycling induces a structural redisposition within NPCs in such a way
that modulates the nuclear trafficking of cargoes to create a nucleoplasmic
environment that supports robust SAC signalling (Cairo et al. 2013). The interaction
with Mad1 results Nup53 to expose a high-affinity binding site for the transport factor
Kap121. Nup53-bound Kap121 blocks the import of several cargoes, including Glc7P""
phosphatase which is a major inhibitor of SAC activating phosphorylation (Saurin et
al. 2018; Chaves et al. 2001). Nup53 also blocks the mitotic exit regulators Spo12 and
Cdh1 (Jaquenound et al. 2002; Cairo et al. 2013). Mad1 interaction with Nup53 is thus
limits access to the nucleoplasm of those proteins that enhance SAC silencing and
progression through mitosis under incorrect kinetochore-microtubules attachments.
Therefore, the interaction of Mad1 with Nup53 at NPCs contributes to the fidelity of
chromosome segregation in yeast.

In higher eukaryotes, as in yeast, Mad1-cMad2 is primarily docked at NPCs
through Tpr orthologs, evolutionarily conserved coiled-coil proteins of nuclear pore
inner basket filaments. Prior experiments confirmed that the recruitment of Mad1-
cMad2 to NPCs during interphase is mediated by interactions between Mad1 and Tpr
(Cunha-Silva et al. 2020; Houston et al. 2020). Pre-mitotic localisation of Mad1 in
nuclear pore complexes (NPCs) in human also reported to be important for MCC
assembly before cells reach mitosis. This localisation pattern of C. neoformans Mad1
in during interphase, echoes with previous finding of Mad1 localisation in nuclear
envelope in other systems (Figure 4.1B). This localisation also could suggest possible
interactions of Mad1 with Nups proteins. Mad1 trafficking from nuclear envelope to
kinetochores in mitosis, could indicate Mad1 contribution in regulation of transcription
factors or other proteins important for timely onset of mitosis. Further microscopy with

both tagged Mad1 and Nups protein could help to understand Mad1 colocalisation with
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Nup protein during interphase. Biochemical protein-protein interactions using both
recombinant proteins could also reveal the direct association of CnMad1 with other
Nups proteins.

Mad1 contributes to spindle assembly checkpoint signalling upon recruitment
to unattached kinetochores. Usually, it is recruited via Bub1 in an Mps1
phosphorylation-dependent manner. In C. neoformans, we aimed to understand if
Mad1 goes to unattached kinetochore or spindle poles during mitosis. To test if Mad1
goes to spindle poles, we performed microscopy-based analysis to check Mad1
localisation in proximity to spindle poles. Unlike colocalisation at unattached
kinetochores, Mad1 appears to localise close to spindle poles (y-tubulin), but not
entirely colocalising with to the spindle poles in nocodazole-arrested cells. In different
phases of mitosis, Mad1 seems to localise in between two spindle poles. This could
possibly be because Mad1 exists at kinetochores while cells are progressing though
mitosis. Microscopy revealed Mad1 colocalises with outer kinetochore which is
followed by mCherry-tagged outer kinetochore protein, Dad2. We later confirmed this
colocalisation following mCherry tagged Cse4. As a first step, we have found Mad1
goes to unattached kinetochore which is active site for SAC generation. It would be
interesting to know which specific motifs are responsible for Mad1 recruitment to
kinetochore. The amino acid sequences showed Mad1 also contains the conserved
RLK (567-9) motif which is now established (in yeast and human) as critical motif
responsible for Mad1 kinetochore targeting. This RLK usually binds to the
phosphorylated Bub1 conserved domain 1 (CD1) which is activated only when
phosphorylated by Mps1 kinase. It is possible that disrupting the conserved RLK motif
could be sufficient to interrupt Mad1 colocalisation with kinetochore proteins.

As discussed above, one key interactor of Mad1 is the spindle checkpoint
protein, Bub1. We aimed to examine if this direct Bub1-Mad1 interaction occurs in C.
neoformans. Microscopy revealed Mad1 colocalises with Bub1 in nocodazole-arrested
cells. We proposed Bub1-Mad1 interaction exist in Cryptococcus. To further confirm
this interaction, co-IP of RFP-tagged Bub1 pulls down Mad1. | have mutated two
closely adjacent RLK motifs in CnMad1 and could detect only conserved 567RLK/3A
disrupts this Bub1-Mad1 interaction. To understand if this interaction works as a direct
protein-protein interaction, we tried to express Mad1 CT and Bub1 middle region in
bacteria and check this interaction in vitro. Unfortunately, all attempts to express the

Bub1 middle region containing CD1 motif remain unsuccessful. Expressing this region
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of Bub1 in insect cells or commercially synthesised CD1 peptides could help us to see
and study this direct molecular interaction in future using size-exclusion
chromatography or performing direct binding assay using beads to pull down either
protein.

Using mass spectrometry, we were able to find several Mad1 interactors. A
number of nucleoporin interactions with Mad1 have been found in other systems.
These nucleoproteins include Nups98, 62, 205, 93, 155 and TPR. We proposed
nuclear localisation of C. neoformans Mad1 from microscopic observation. This is
consistent with the mass spectrometric analysis which revealed several Nups proteins
in cycling population compared to nocodazole-arrested cells. Further experiments on
which Nups directly bind Mad1 would be interesting to understand more about Mad1
tethering at the nuclear envelope. It is usually the N-terminus of Mad1 which is
reported to contribute nuclear localisation. In vitro interaction of Mad1-NT with Nup
protein Tpr has reported previously (Rodriguez-Bravo et al. 2014). It would be
interesting to see if abrogating the N-terminus could terminate Mad1 nuclear
localisation

Mad1 interactions with SAC components also found in mass spectrometry
analysis. Interacting SAC components includes Bub1, Mad2, Bub3, Mps1 and Cdc20.
This analysis also revealed possible interactions with several APC subunits,
kinetochore proteins and phosphatases. As expected, most of the SAC effectors and
APC subunits were significantly higher in nocodazole-arrested cells than cycling
population. This fits with the idea that SAC effectors and APC subunits are much
abundant in arrested cells compared to cycling cells. This is the first indication that co-
IP of GFP-Mad1 pulls down checkpoint effector complexes in arrested cells. On the
other hand, phosphatases appear to be slightly higher in cycling cells than arrested
cells.

This Chapter describes Mad1 localisation shuttles from nuclear envelope to
kinetochore throughout cell cycle. Mad1 also appeared to have a possible interaction
with Bub1 kinase. Several SAC components and effectors also found as GFP-mad1

interactors in Mass spectrometry data.
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CHAPTER 5

Mps1 kinase triggers SAC signalling in C. neoformans

through phosphorylation of the Mad1 C-terminal domain.

5.1 Introduction.

Phosphorylation by protein kinases is a key cellular regulatory mechanism offering a
reversible switch which helps cells to activate or inactivate proteins (Hunter, 2012).
Phosphorylation is considered as responsible for a variety of cellular responses
including protein-protein interactions for functional signal transduction (Betts et al.,
2017; Nishi et al., 2011). There has been increasing focus of studies specifically on
systematically identifying functions of protein phosphosites. Emphasis is given to the
protein-protein interactions triggered by those phosphoregulatory kinases.

In the previous two chapters, | have shown that CnMad1 and CnMad2 act as
checkpoint proteins and that Mps1 kinase is an important interactor from mass
spectrometry-based analysis. To get better insight into the Mps1 phosphorylation
dependent SAC signalling cascade, it is necessary to understand which SAC proteins
(Bub1, Mad1 and Mad2) and effectors (Cdc20) get phosphorylated by Mps1. The
Mps1-stimulated Bub1-Mad1 interaction is now considered to be well conserved from
yeast to human (Brady & Hardwick, 2000; Kim et al., 2012). A direct, Mps1
phosphorylation-dependent multi-step interaction, including Bub1 and Mad1 has been
reported in human (Ji et al., 2017a). However, an additional role of Mps1 kinase
phosphorylation in regulating Mad1 has been reported only recently, in a few studies
(Piano V., et al., 2021; Fischer E., et al., 2022). Specific phosphosites on Mad1 and
the functional relevance of this phosphorylation in driving the Mad1-Cdc20 interaction
has also reported very recently (Fischer et al., 2022; Piano et al., 2021).

This chapter aims to address the contribution of Mps1 kinase phosphorylation
of Mad1 and the significance of this event to the catalysis of SAC signalling activation
and/or MCC generation. In connection to this, we first overexpressed CnMps1 to

observe if this could activate SAC signalling constitutively. One key question we tried
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to address in this chapter is if CnMad1 and CnMad2 contribute to catalyse the
signalling pathway in Mps1 overexpression arrest. Overexpressed Mps1 arrests in
mad1A and mad2A would indicate little involvement of Mad1 and Mad2 in Mps1
overexpression induced arrest.

We also performed in vitro kinase assays using recombinant proteins to
observe direct Mps1 phosphorylation on two substrates, Mad1 and Cdc20. Another
key focus of this chapter was to map specific phosphosites on CnMad1 and mutate
them, to determine the physiologically significant phosphosites within the Mad1 CTD
(C-terminal domain). At the end of this chapter, we propose that Mps1 triggered
phosphorylated Mad1 and Cdc20 might interact directly or indirectly to help catalyse
the MCC production for robust SAC signalling.

In this chapter, we analysed Titan cell viability of SAC mutants, mad14A, mad2A
and mps1A. We induced Titan cells in vitro and dissected individual Titans to check
their viability. We also assayed Titan cell viability of several other SAC mutant alleles
of Bub1 and Mad1. Our effort is ongoing to find novel alleles in CnMad1 which has

impact on Titan cell viability.
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5.2 Aims.

Overexpression of checkpoint protein(s) could result prolonged mitotic arrest. Mps1
kinase works as an upstream regulator of SAC signalling cascade and phosphorylates
most of the SAC components to generate a robust SAC signalling. Mps1
overexpression has reported to be sufficient to activate mitotic checkpoint arrest in
budding yeast. Testing Mps1 overexpression to induce mitotic arrest could help to
understand the significance of Mps1 kinase in the SAC signalling generation in C.
neoformans. Further to this, Mps1 phosphorylates an array of SAC checkpoint
proteins to generate robust checkpoint arrests. It would be interesting to find out which
specific C. neoformans SAC proteins get phosphorylated by Mps1 kinase. More
specifically, chapter 3 of these work found Mad1 and Mad2 to be critical to maintain
proper mitotic arrest. | aim to detect to test whether SAC components Mad1, Mad2
and Cdc20 get phosphorylated by Mps1 kinase. Phosphorylation events by kinase
often lead to protein rearrangement, interaction with other proteins to complete
complex biological functions. Later of this chapter, | aim to find putative phosphosites
of Mps1 substrates and also understand possible protein-protein interactions driven

by Mps1 phosphorylation.

A). Does Mps1 overexpression induce mitotic arrest? Is Mps1 overexpression arrest

dependent on mitotic arrest deficient protein1 and 2 (Mad1 and Mad2)?

B). Where are the Mps1 phosphosites in the Mad1¢™? Are Mad1¢™

phosphomutants checkpoint defective?

C). How does phosphorylated Mad1€™ contribute to SAC signalling?

D). Does Mad1, its phosphorylation and the SAC contribute to Titan cell viability?
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5.3 Mps1 overexpression induces checkpoint arrest which requires CnMad1
and CnMad2.

The Mps1 kinase (Monopolar spindle1) is a critical regulator of spindle assembly
checkpoint signalling and it can phosphorylate target proteins on threonines, serines,
and tyrosines residues (Liu & Winey, 2012). One key function of Mps1 kinase is to
ensure proper biorientation of duplicated sister chromatids on the mitotic spindle at
kinetochores. In early mitosis, Mps1 also resolves the kinetochores-microtubules mis-
attachments (Manic et al., 2017; Pachis & Kops, 2018). However, one pioneer work
on genetic manipulation of a cell-cycle checkpoint involved overexpression of budding
yeast ScMps1 (Hardwick et al., 1996). This ScMps1 overexpression could arrest wild
type cells constitutively, while checkpoint mutants such as mad71A failed to maintain
arrest and possibly died due to massive mis-segregation of chromosomes.

To test the ability to induce mitotic arrest by Mps1 overexpression in C.
neoformans, we have ectopically overexpressed CnMps1 gene by fusing it to the
galactose inducible GAL7 promoter. Mps1 was tagged with Myc tag at the N-terminus
here, for biochemical assays. In order to easily follow metaphase arrests, we
overexpressed Mps1 in strains where tubulin was tagged with GFP. We exposed cells
to two different conditions, galactose (GAL-MPS1 on), and glucose (GAL-MPS1 off).
Cells were observed carefully to follow spindle morphology after three hours of
galactose exposure under spinning disk confocal microscope. As expected, only
galactose exposed cells showed mitotic arrests with short mitotic spindles in majority
of the cells (Figure 5.1B). Most of the glucose exposed cells appeared as a cycling
population, with elongated cytoplasmic tubulin networks all over the cells.

We further aimed to measure the relative percentage of the metaphase
arrested cells in both glucose and galactose conditions. Time courses to measure
relative metaphase arrest with short spindle morphology under CnMps1
overexpression were performed. We found that around 60% metaphase arrests after
3 hours in galactose media, while this arrest went up to more than 80% in the next two
hours (Figure 5.1C). As expected, glucose conditions behaved similar to a cycling cell

with no increase in mitotic arrest percentage over the time course.
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Figure 5.1: Mps1 overexpresssion arrests is CnMad1 and CnMad2 dependent.
(A) A schematic of CnMps1 protein domain. (B) Mps1 is expressed under galactose
promoter which allow overexpression in strain with GFP marked tubulin. The lower
panel with added glucose condition represents no Mps1 overexpressoin. Scale bar,
10um. (C) The comparative percentage of cells arrested with short mitotic spindles in
two different sugars. The result is plotted from three replicates. 500 cells were
counted in each replicates. (D) Immunoblots shows ectopic expression of Mps1 in
galactose added condition, using anti-myc antibody. (E) Bar graph shows Mps1
overexpression arrests in mad1A and mad2A strains. N = 300 cells. Statistical
significances were determined in GraphPad prism version 8.0 by performing one-
way ANOVA in Tukey’s multiple comparison test. (F) Confirmation of Mps1
overexpression in mad1A and mad2A strain by immunoblotting. Experiment B, C & D
were performed by |. Leontiou.
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We confirmed CnMps1 overexpression over the time course by performing
immunoblotting using an anti-myc antibody (9E10 monoclonal). Anti-myc antibody
helps to detect expression of ectopic Mps1 which was tagged with myc tag as
mentioned earlier in this section. Figure 5.3D shows that Mps1 started to express after
just one hour of galactose induction. This subtle expression might resulted a slight
increase of metaphase arrest percentage in one hour timepoint in 5.1B. However, we
found Mps1 expression increases over time throughout the time course. We
hypothesise that after three hours of galactose exposure, these cells are showing
optimum expression of Mps1. This expression is persistent and possibly even higher
at 5 hours time point. This gradual increase in the Mps1 expression is in consistent
with the data described in 5.1C where the percentage of metaphase arrested cells
percentage gradually increases over 5 hours. We could not detect any ectopic Mps1
expression in the similar time course with glucose exposed conditions. This is again
corresponds to no increase in number of metaphase arrested cells, under glucose
exposed condition in Figure 5.1C.

The overexpression of CnMps1 kinase could arrest the cell cycle by activation
of the spindle assambly checkpoint. To confirm this hypothesis, we have
overexpressed Mps1 in a similar approach as described earlier in this section in both
mad1A and mad2A strains. Good expression of galactose exposed Mps1 in both mad
knockouts were confirmed by western blots using anti-myc antibody (Figure 5.1F). |
assayed the percentage of metaphase arrest, by analysing cells arrested with large
buds. As expected, more than 80% of the wild type cells were arrested with large buds
following three hours of induced overexpression of Mps1. Similar Mps1
overexpression resulted to only around 20% cells arrests in galactose with large buds.

Failure to metaphase arrests in the mad mutants with overexpressed Mps1 is
in accordance with the hypothesis that Mps1 overexpression arrests require both

Mad1 and Mad2 in the signalling activation pathway.
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5.4 Putative Mps1 phosphosites in the Mad1 C-terminal domain.

As mentioned in the previous section, overexpression of Mps1 kinase in the budding
yeast S. cerevisiae leads to constitutive activation of the spindle checkpoint and hyper-
phosphorylation of ScMad1 (Hardwick et al., 1996). The detailed functional relevance
of those Mps1 kinase dependent Mad1 phosphorylation has not been further explored
until recently.

Recent studies indicate, that the C-terminal globular head of Mad1 has a
previously unrecognized role in checkpoint signalling (Faesen et al., 2017; Heinrich et
al., 2014a; Ji et al., 2017a; Kruse et al., 2014). This additional function of Mad1 CTD
was reported to be neither related to the requirement for the CTD to bring Mad1 at
kinetochores via interaction with Bub1, nor related to the role of Mad1 in recruiting
Mad2. Most of those findings have been made in humans, so | was interested to test
whether this additional function of Mad1 the CTD might be conserved in C.
neoformans.

The additional role of Mad1 CTD was first suggested from the study where
Mad1 was constitutively targeted to kinetochores. Mps1 was still required to generate
a robust checkpoint signalling even though Mad1 was constitutively targeted at
kinetochores (Heinrich et al., 2014b; Hewitt et al., 2010; Maldonado & Kapoor, 2011;
Tighe et al., 2008). Further to this, the Nilsson lab shown that human Mad1 C-terminal
truncations were unable to activate the checkpoint despite Mad2 presence at
kinetochores (Kruse et al., 2014). Another Bub1-Mad1 fusion was also shown to
require Mad1 CTD for a complete functional checkpoint signalling (Zhang et al., 2017).

| aimed to assess distinct functions of the Mad1 CTD, apart from targeting Mad2
to kinetochores. To understand phosphorylation dependent functions of Mad1, |
sought to find checkpoint defective phosphomutants. Figure 5.2A depicts an amino
acid sequence alignment of CnMad1 with human and yeasts. Some putative
phosphosites are present at the very end of CnMad1 CTD. Among those, T660 and
T668 appear to be conserved in other systems. In humans, more recent data proved
Mps1 phosphorylation on Mad1 CTD is almost entirely on a single site, which is Thr716
as revealed by intact mass spectrometry and NMR analysis. Therefore, Thr716 in

human is proven to be the only significant Mps1 phosphorylation site within Mad CTD
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(Fischer et al. 2022). CnMad1 also appears to have few conserved Thr at the very end
of C-terminus in multiple sequence alignment in Figure 5.2A.

Thomas Davies, Christos Spanos and | performed mass spectrometry to find
out putative Mps1 phosphosites in CnMad1, after in vitro phosphorylation by
recombinant Mps1 kinase. We found eight phosphosites in the recombinant Mad1
CTD (324-679), as shown in figure 5.2B. All of them are either serine or threonine
residues within the C-terminal globular head of CnMad1. CnMad1 Thr668 is most likely
equivalent to human Thr716. | aimed to assess checkpoint function of individual

CnMad1 individual phosphosites in the following parts of this chapter.

129



MIM RLKRLK

Mad1 N (@ Colled coll H—HHC _cm j— C
- ’ 679

IMadicneoformans LTEMY A EKCXNGLTTRF TS G T C[fHOMS . GUMARSLFES

IMadiHs BlLREHEGDCL  FXATSESGE, JKMGLULETEF SHTVfEE

IMad1SPombe BHI¢/sREDCNTARLFDEESE], o .. .2 MKLYENPSGPE 3

|MadlSCerevisiae Y EKITECEKPEKYZ . JZADLEEN. ... JJILKSNLDAC IEGW[CL mE[C
| |

|MadlCneoformans
IMales
MadlSPcmbe
IMad1SCerevisiae

&
VVERQSVPGFLAQVTTEMFEKTTIGRAAGYV
GTMQMSGMMARSLEESRQFWVVERQSVPGFL
S
VPGFLAQVTTEMFEKTTIGRAAGYVGLG

,5\
IKFTSSEGHFGTMQMgGMMARSLEESRQFWV /

324 ] Jera  Mad1

T~

NGLTIKFTSSEGHFGIMOMSGMMARSLEESR
Q;»

GWRIKFDESGSDIRLISMYAPKGKNGLTIKF
&

Figure 5.2: CnMad1 C-terminus phosphosites. (A) Amino acid sequence
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phosphor-probability scores in mass spectrometry.
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5.5 Mad1 phosphomutants at the very end of the C-terminal domain are

checkpoint defective.

| mutated the last four threonines in CnMad1 to alanine (T660A, T661A, T667A &
T668A) to understand which residues are responsible for checkpoint function(s). |
mutated the previously described contruct which has GFP tagged at the N-terminus of
full length CnMad1. All of the mutant constructs were then transformed into the mad1
delete background. Expression of all the mutated proteins has been confirmed and
compared by immunoblotting using anti-Mad1 antibody (Figure 5.3B). Introducing
alanine mutation on Thr660 turned out be difficult in vitro. Mutating Thr660 to alanine
makes proteins insoluble in purifying recombinant proteins. Several buffer compisition
and tags including His, His-MBP and His-Sumo did not help to solubilize this alanine
mutated Thr660 Mad1 protein. One possible reason could be this site is more
interfaced with dimer, compared to others which seem to remained flexibly opened for
interaction. Thr660 have therefore could be structurally important for this protein. We
exclude this Thr660 mutation for rest of the experiments (apart from 5.3C). We used
alpha fold to predict the very end of CnMad1 CTD with alpha-helical stretches followed
by the globular head (Figure 5.3A). The four mutated sites have been highlighted with
a box.

We have assayed these mutants on plates containing benomyl, a microtubule
poison. We found among all four, T667A showed distinctive phenotype on benomyl
(Figure 5.3C). This T667A mutant phenotype is quite close to mad7 deletion
phenotype. Furthermore, we aimed to assess relative percentage of cells having
nocodazole arrest in mitosis. Around 80% of wild type strains were able to arrest in
mitosis, possibly presenting to have proper checkpoint function. Both T667A and
T668A showed a noticeable decrease in the number of nocodazole arrested cells. We
hypothesize, phosphosite T667 appears to be important for the checkpoint functioning
of the C-terminus of Mad1 (Figure 5. 3D).

We have tried to mimic the effect of phosphomutants T667A. T667 has been
mutated to T667E in this pursuit. Our expection was T667E might rescue the T667A
phenotype due to autophosphorylation of phosphomimic glutamic acids. Due to time
constraints of this work, building this phosphomimetic and examining the imporance

of this site is ongoing.
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Figure 5.3: CnMad1 C-terminal phosphosites are checkpoint defective. (A)
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(D) A bar graph showing the comparative percentage of large budded arrested cells
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and 300 cells were counted in each datapoint. Experiment B, C and D were repeated
with three biological replicates with similar results.
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5.6 Mps1 kinase phosphorylates Mad1 C-terminus.

The catalytic activity of Mps1 kinase is well described and essential for both
chromosome biorientation and SAC signalling activation (Jones et al., 2005; London
et al., 2012; Maure et al., 2007; Storchova et al., 2011). We aimed to address if
CnMad1 gets phosphorylated by CnMps1 kinase. To test whether Mps1 directly
phosphorylates Mad1 C-terminus, we have performed in vitro kinase assays. We were
interested to measure the ability of Mps1 kinase to phosphorylate the CnMad1 CTD
(aa324-679) and compare it to different phosphomutants in the presence of P32y ATP
at 34 °C. We have expressed recombinant His-MBP tagged CnMad1 C-terminus
(aa324-679) and His-MBP tagged Mps1 kinase in E.coli. As described in previous
section, | aimed to express similar four mutations in recombinant CnMad1 protein.
Unexpectedly, T660A mutations did not express well. This led us to assess the last
three threonine mutants (T661A, T667A & T668A) as substrate for Mps1 kinase
phosphorylation.

Figure 5.4 depicts the autoradiograph of an in vitro kinase assay at 66hr.
Interestingly, we could see the wild-type Mad1 CTD gets phosphorylated by
recombinant Mps1 kinase. The catalytic activity turned out to be less elevated on
T661A, T667A and T668A than that on wild type CnMad1 CTD. This experiment was
repeated with another construct of Mps1 which has been tagged with His-Sumo. Mps1
catalytic activity signals were found to be similarly reduced at the two phosphomutants.

As described in previous section, single alanine mutation on T661, T667 and
T668 showed the significant reduction in nocodazole induced mitotic arrest. Among
those three mutants, T667A turned out to be most checkpoint defective (see Figure
5.3D). To relate this with the in vitro kinase assay, it is possible that other
phosphorylation sites might be actively phosphorylated by Mps1 kinase in vitro. This
might result from the residual catalytic signal of Mps1 kinase on T661A, T667A and
T668A. We also found CnCdc20 gets phosphorylated by CnMps1 in kinase assay
(Figure 5.4B). Mps1 phosphorylated Cdc20 could help to catalyse MCC formation in
C. neoformans.

Therefore, we hypothesize CnMad1 gets phosphorylated by CnMps1 and Mps1
phosphorylated CnMad1 might function as key downstream catalyst in MCC
formation. Measuring of MCC levels in different Mad1 phosphomutants could be done

in future to check the impact of CnMad1 phosphorylation by CnMps1.
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Figure 5.4: CnMps1 phosphorylates Mad1 CT and Cdc20. /n vitro kinase assay is
shown using recombinant CnMps1 to phosphorylate (A) CnMad1 CTD (B) FL-
Cdc20. CnMps1was expressed from E. coli and incubated at 30 °C in the presence
of radioactive ATP. Recombinant Mad1 C-terminus (aa324-679) wild type and the
three alanine mutations were all substrates of CnMps1. Kinase activity was
determined on the autoradiographs. The expression of all proteins was confirmed on
the Coomassie blue-stained gel (top panel). 3 ug of the recombinant CnMps1 kinase
was used for kinase assays with 3 ug of CnMad1, and the reaction was loaded on
SDS-PAGE gel. Experiment 5.4 was performed by T. Davies and K. Aktar.
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5.7 CnMad1, Mad2 and Mps1 are important for Titan cell viability.

The pathogenic fungal yeast C. neoformans generates polyploid Titan cells in
response to the host lung environment which is critical to adapt in the stress conditions
and subsequent disease progression (Altamirano et al., 2021). In our lab, we have
induced Titan cells using starved haploid yeast put in a CO2 incubator at 37°C and
provided with 10% fetal bovine serum (FBS) in PBS, following the protocol developed
by Liz Ballou lab (Dambuza et al., 2018). In vitro induced Titan populations are actually
a mixture of normal sized yeasts (5-7 um), Titans (cell body is greater than 10 ym up
to 100 ym) and titan daughters which are relatively smaller in size (1-3 pm). Titan
daughters are often oval shape and referred as ‘titanides’ in some studies (Dambuza
IM. Et al., 2018). Enlarged Titan cells assist to establish initial pulmonary infection.
Titans along with their genetically distinct 1C or aneuploid daughter cell populations
contribute to subsequent dissemination via the bloodstream.

We hypothesized Titans might have evaded normal cell cycle control
mechanisms while they divide into relatively smaller cells in response to stress
conditions. This might lead to (aneu)ploidy variations often reported for titanides
(Gerstein et al., 2015). Due to the vast size difference between typical and Titan cells,
these C. neoformans cells can easily be separated. Here we investigated Titan cell
viability by dissecting them from in vitro Titan induced mixed population. Figure 5.5A
represents a schematic of titan dissection from mixed population and their subsequent
positioning on 50 different grid locations using tetrad dissector microscope (Figure
5.5B).

Our observation on each dissected titans viability was categorised into four
different groups (Figure 5.5C). The difference of some mutants was very obvious
compared to wild type. Most of the dissected Titans from wild type formed visible
colonies, while this data is more than 50% lower for all three mutants (mad1D, mad2D
and mps1D). We found one exception of this behaviour in Bub1 kinase dead alleles
which showed almost similar viability compared to wild type. There were titans which
underwent only few divisions and this proportion is again relatively high in C.

neoformans mad1A, mad2A and mps1A mutants.
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Figure 5.5: Titan viability in Cryptococcus checkpoint mutants. (A) Microscopic
images for Titans and yeast forms. Capsule was stained with India Ink. Titans
dissected from a mixed population from Titan induced inoculum in the CO2 incubator.
(B) Three representative plates showing wild type and mutants Titan viability on plates.
Images were taken from plates after incubation for 72 hours at 30°C. (C) A bar graph
showing dissected Titans viability which was categorised in four types according to
observation from colonies. Total 100 titans were dissected for each strain in each
replicate and experiment was repeated three times. Experiment A, B and C were
repeated three times and jointly performed by K. Hardwick, T. Davies, and K. Aktar.
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5.8 Discussion and future work.

This chapter described that CnMps1 overexpression is sufficient to generate mitotic
arrest in C. neoformans. This finding pinpoints CnMps1 to be an important checkpoint
protein in this fungal pathogen. Inhibition of CnMps1 along with mitotic poison could
be an option for therapeutic target in this pathogen. This Mps1 overexpression induced
arrest advances a step in future studies on this critical master kinase. In addition,
revealing and understanding the crystal structure of CnMps1 could help to find a future
therapeutic target for C. neoformans.

Earlier work reported that overexpression of ScMps1 in the budding yeast
results constitutive activation of the spindle checkpoint and hyper-phosphorylation on
ScMad1 (Hardwick et al., 1996), even though the functional relevance of those Mps1-
dependent Mad1 phosphorylation has not been analysed until recently. This chapter
further found that CnMad1 is a subtrate for CnMps1 kinase. We determined Mps1
phosphorylation of CnMad1 in both mass spectrometry and in vitro kinase assays.

Mutating few Mad1 CTD residues in fission yeast was reported to abrogate
checkpoint signalling despite preserving Mad1 and Mad2 at kinetochore (Heinrich et
al., 2014b). Our previous lab member also found T569 and T668 were important for
accurate checkpoint functioning (Priya Amin, unpublished data). However, recent data
is available as evidence of this checkpoint function of the Mad1 CTD in human (Ji et
al., 2017b; Zhang et al., 2017). A more recent study in human cells shown requirement
of Mad1 CTD phosphorylation in a Mad1-Mis12 chimera that enforces a permanent
mitotic checkpoint arrest (Piano et al., 2021). They observed reduced checkpoint
signalling of mutations of Mps1 phosphorylation sites on Mad1 (Mad1RWP-A). They
further showed mutations, particularly Q648A and R650A in the QYRL motifs abrogate
checkpoint signalling.

To search putative phosphosites in CnMad1, | make several site-directed mutations
of last four threonine on Mad1 C-terminus. All threonine have been mutated to alanine.
| found at least one threonine (Thr667) is critical for maintaining proper mitotic
checkpoint arrest in nocodazole-arrest experiment. Thr661 appears to have a subtle
defect in maintaining large-budded mitotic arrest in nocodazole-arrest experiment.
Although phenotype on benomyl plates appeared not to be noticeable comapred with
wild type. In addition, Thr668 also seemed to have a slight decrease in percentage of

large budded arrest, but no critical phenotype on benomyl plate. Compared to in vivo
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phenotype, all the phosphomuatants in vitro showed reduced phophorylation signal in
in vitro kinase assay. As in in vitro kinase assay, recombinat proteins are not in
biological condition, active Mps1 could possibly phosphorylates several other
phosphosites which might not be significant for chekpoint functions. However, Thr668
seems to be conserved in human (Thr716 in human) from multiple sequence
alignment. In human, this single Thr716 has reported to be responsible for majority of
Mad1 phosphorylation by Mps1. This Thr716 also reported to be checkpoint defective.
Further molecular analysis showed, Mad1 in human can interact with Cdc20 and this
intercation is dependent on Mad1 phosphorylation at Thr716 by Mps1 (Fischer et al.
2022).

Assessment of checkpoint functions of CnMad1 phosphomutants suggest a few
residues, at least Thr667 within the C-terminus of Mad1 are crucial for the SAC
signalling, but the mechanisms behind how each specific phosphorylation sites
contributes, and whether it contributes directly to MCC catalysis, remains to be the
subject of future studies. One key focus of our future studies would be to understand
the specific details of how Mad1 phosphorylation by Mps1 catalyses the MCC
formation and whether it enhances Mad1-Cdc20 binding as shown recently with
human proteins. In future, whether Mad1 and Cdc20 can interact with each other may
be determined using co-immunoprecipitation assay using anti-Cdc20 antibody. Pull
down endogenous Mad1 with anti-Mad1 antibody coupled beads can be done in future
to detect Mad1 interaction with Cdc20 using anti-Cdc20 antibody.

As mentioned in earlier section (section 5.7), even though we found both mads
and Mps1 to be important for Titan viability, we did not find any distinguishable Titan
viability impact on Bub1 kinase-dead alleles. C. neoformans Bub1 kinase already
found to be important for checkpoint signalling (Unpublished data from Hardwick lab).
To analyse whether above three checkpoint proteins contribute to Titan viability which
is independent of their checkpoint function, we further did the similar assay for several
other mutant alleles in both Bub1 and Mad1. Hardwick lab has generated several Bub1
mutant alleles includes, bub1-ken1, bub1-ken2 (both perturbing Cdc20 interactions),
bub1-cd1 (predicted to have no Mad1 interaction) and bub7-kd (kinase dead) allele
(unpublished data from Hardwick lab). All the checkpoint mutant alleles of Bub1
specially, cd1, ken1 and kenZ2 showed significant checkpoint defects when analysed

in microfluidics.
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Even though checkpoint mutant alleles of Bub1 (cd1, ken1 ken2) were defective
in maintaining proper checkpoint arrests, were found to form Titans. When these titans
were dissected generated viable populations like wild type. Similar results were also
found in checkpoint mutant alleles in CnMad1, such as T667A and T668A. Both of
them also showed no impact on dissected Titan viability in the similar experiments.
Thus, we do not believe that SAC signalling defects are what is killing the Titan cells
in the mad and mps1 mutants.

As little is currently known about the non-SAC functions of the checkpoint
proteins, Mad1, Mad2 and Mps1 in C. neoformans, assessing viability of Titans of
further, novel alleles in these genes would be useful. Furthermore, the molecular
dissections of the functions of those critical alleles of CnMad1, Mad1 and Mps1
proteins would shed new light on their roles on Titan virulence and disease

progression.

139



CHAPTER O

Final discussion.

Cryptococcus neoformans causes cryptococcal meningitis, which is responsible for
around 181,000 deaths annually, with mortality rates of 100% if infection is left
untreated. Despite this massive impact on human health, treatment options for
cryptococcosis remain limited. This signifies the urgency to find new therapeutic
targets in C. neoformans. | focus on a C. neoformans cell cycle checkpoint, due to its
apparently variable cell division cycle during infection. In the current study, | made
deletions of mad1 and mad2 which are two canonical spindle assembly checkpoint
components in other systems. In addition, this thesis makes a step forward on
understanding how the checkpoint protein Mad1 functions in an Mps1 phosphorylation
dependent manner. This thesis further studies on the possible functions of Mad1,

Mad2 and Mps1 impacting on Titan cell viability.

6.1 CnMad1 and Mad2 function as checkpoint proteins in C. neoformans.

The first aim of this work was to generate a mad1 knockout in Cryptococcus as the
mad1 deletion remained undescribed to the best of our knowledge. Chapter 3
demonstrated that the blaster recombination method allowed me to generate both
mad1 and mad2 knockout strains. | was also able to recombine out the selection
marker which helped to generate both deletions with no selection (see Figure 3.1).
However, the main focus of chapter 3 was to check if ChMad1 and CnMad2 function
as checkpoint proteins. Preliminary data from spotting assays with a microtubule
poison, benomyl, showed that both mutants are benomyl sensitive (Figure 3.2). Both
mad1 and madZ2 showed subtle temperature sensitivity in growth assays in a plate
reader (Figure 3.3).

As stated in the third chapter, the primary question to be answered in this work
was whether CnMad1 and CnMad2 contribute to maintain accurate spindle checkpoint
arrest. In order to assess the involvement of these two proteins in robust SAC
signalling, different approaches and assays have been used. Fixed cells, after three

hours of nocodazole treatment, were analysed for large budded mitotic arrest. Both
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fixed cells and live cells imaging from microfluidics analysis revealed that both
CnMad1 and CnMad2 are checkpoint defective as the deletion strains failed to delay
their cell cycle in response to drug treatments (Figure 3.3 and 3.4). Future experiments
to supplement these findings could include:

i. Diverse methods of studying the checkpoint are necessary for understanding
how checkpoint signalling is controlled in the greater context of mitosis with its various
feedback loops. Ectopic reconstitution of spindle assembly signalling and silencing
would be nice way to for the dissection of each protein and their possible interactions.
Prior work has demonstrated rapamycin induced dimerization of two core upstream
proteins, Knl1Sr¢'%5 and Mps1 kinase can generate a robust SAC signalling
(Aravamudhan et al., 2015). Previously, our lab also developed rapid kinetochore
independent SAC activation and silencing tool by utilising a plant derived hormone,
abscisic acid (Amin et al., 2018). Such chemical induced dimerization control of
activation and silencing would help as an assay for studying checkpoint mutants,
mad1A and mad2A and other regulators in vivo.

ii. We observe in our live cell microfluidics analysis that mad1A and mad2A
keep dividing even in response to nocodazole exposure. Further to this microfluidics
analysis also showed that this uncontrolled cell division reduces mutants’ viability.
More microfluidics live-cell analysis and using mitochondria or other specific stains to
recognize viable cells could help to detect mutant daughters’ viability. This combined
approach would be helpful to follow mutants’ daughter behaviour as clear evidence to
understand the cost of checkpoint failure on viability.

iii. Using fluorescent tagged chromosome helped us to quantitate cohesion loss
and sister chromatid separation in the mad2 mutant. This is consistent with the idea
that checkpoint mutants like mad2A fail to maintain metaphase arrests. In future, mad1
and mps1 could be knocked out to see if this mutant behaves similarly. Quantitating
the level of polyploidies in in vitro induced titans was one aim of this thesis. Due to
limitation of time for overall optimisation of the protocol, we could not finalise
quantitating polyploidy and aneuploidy in titans and their daughters. High levels of
autofluorescence in the Titan cells made imaging the mNeonGreen chromosome
extremely challenging. We should therefore try to quantitate relative aneuploidy in wild
type and checkpoint mutants in future by counting mNeonGreen tagged chromosome,

perhaps after fixing Titan cells in various ways to improve imaging of the chromosome.
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In addition, performing flow cytometry in future could also indicate ploidy shifts in
Titans and their daughters in mutants.

iv. The most frequent aneuploidies identified in the titan cell progeny were
disomy for all or part of Chromsome1 and/or disomy of Chromosomes 4, 10 & 11 are
also frequently found in aneuploidies in large number of titan daughters (Gerstain et
al. 2015). It would be interesting to tag any of these comparative unstable or
aneuploidy linked chromosome with a colour other than green (for example, using tet
arrays and an mCherry-tetR fusion protein). This could more clearly monitor
aneuploidies in mutants in yeast and/or also in titans and their daughters.
Understanding ploidy shifts from yeast to titan and their daughters will help us to
understand genetic diversity. Particularly, this would help to detect particular
chromosome disomy in Cryptococcus. This could lead to understand whether this
ploidy transition help to better tolerate stress conditions. Understanding this ploidy

transition behaviour could also suggest their contribution on rendering drug resistance.

6.2 CnMad1 colocalises to unattached kinetochore and interacts with other SAC
components.

Chapter 4 focused on the localisation dynamics of CnMad1. Checkpoint function of
Mad1 is associated with its timely localisation to kinetochores from nuclear envelope
where Mad1 resides during interphase. Mad1 recruitment to kinetochore is thought to
be critical for active checkpoint signalling generation. Prior works in human cells
demonstrated that mutant mad1 alleles, defective to localise at kinetochores failed to
maintain checkpoint arrest. This part of my work first showed that GFP-tagged
CnMad1 localises to the nuclear envelope during interphase. Nocodazole treatment
showed that CnMad1 localises to unattached kinetochores. Colocalisation analysis
was carried out using fluorescently labelled kinetochore proteins, Dad2 and Cse4. We
observed the spatial overlap between two different labels in both CnMad1 and
kinetochore protein, Cse4. CnMad1 did not show similar colocalisation with spindle
poles (marked with y-tubulin). As mentioned earlier, Mad1 localisation on kinetochores
has been reported in other systems and described to be functionally important. Here |
found evidence of movement of CnMad1 localisation from nuclear envelope in
interphase, to kinetochores during nocodazole-induced mitotic arrests (See Figure
4.3).
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One key kinetochore receptor of Mad1 is reported to be the checkpoint protein Bub1.
Other possible metazoan receptors like RZZ complex are not present in yeasts, as
such, Bub1 is suggested to be solely responsible for Mad1 kinetochore targeting. A
recent study on the Bub1 and Mad1 interaction in human has described Thr 461 on
Bub1 as the key phosphorylation sites, for the kinetochore recruitment of Mad1. Mps1
phosphorylated Thr461 on Bub1 was found to interact directly with Arg617 of the Mad1
RLK (Arg-Leu-Lys) motif (Fischer et al., 2021) . Multiple sequence alignment of
CnMad1 showed it to contain two different RLK motifs on Mad1. CnMad1 has another
RLK (aa549-51) motif which is 15 amino acids N-terminal of the conserved RLK motif
(2aab567-69). | found Mad1 to be colocalised with Bub1 in mitotic arrest cells. This
colocalisation could possibly suggest a direct Bub1-Mad1 interaction in Cryptococcus.
Although, whether the conserved RLK motif within CnMad1 could trigger its
localisation to kinetochores via Bub1 remains to be the subject of future studies. | am
generating this mad7-RLK mutants and will test whether it is still able to be co-localise
with Bub1 in mitotically arrested cells. Further insights into mechanistic function of this
interaction would be informative to generate the correct association between SAC
proteins required to catalyse MCC assembly.

For the analysis of protein-protein interactions of CnMad1, pull-downs of GFP-
tagged Mad1 in both cycling and arrested cells were performed. This was followed by
mass spectrometry-based identification of potential interactors of CnMad1 protein.
Consistent with localisation revealed by earlier microscopy of this chapter (see Figure
4.1), several nuclear pore complex proteins (Nups) including Tpr, Nup155 and Nup62
were present in higher amounts with GFP-Mad1 purified from cycling cells. In our
analysis of this proteomics data, we also found several SAC components (Bub1,
Mad?2), effectors (Cdc20 and APC/C subunits) and other kinetochores components
enriched with GFP-Mad1 purified from mitotic extracts.

Together this proteomics data with microscopy allows us to speculate that Mad1 is
recruited to kinetochores and interacts there with other SAC components. Absence of
this checkpoint protein, then, leads to a dysfunctional checkpoint resulting in an
inability to maintain mitotic arrests in mad1 mutants. It may be worthwhile to
investigate CnMad1 in vivo direct interactions in further detail, as it showed indication
for the activity within the SAC signalling cascade. Further studies would involve,
adopting crosslinking mechanisms for better coverage of the more transiently bound

proteins with CnMad1. In addition to this, studies could be conducted on the detailed
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events on differential regulation of CnMad1, depending on its localisation. To start
with, it would be interesting to study known transiently CnMad1-associated proteins,
potentially including Cdc20 and Bub1. This would allow us a different approach of
expanding our current data to include proteins where crucial regulation and binding

are not yet well studied.

6.3 Mps1 phosphorylation on Mad1 CTD is critical for SAC signalling.

Chapter 5 analysed the impact of Mps1 kinase overexpression on mitosis in C.
neoformans. This suggests crucial roles of the master kinase, Mps1 on the regulation
of mitosis. Its overexpression was sufficient to lead to mitotic arrest as visualised by
arrested short metaphase spindles (Figure 5.1).

In this chapter, | sought to determine whether Mad1 is a substrate of Mps1
phosphorylation. Recent human work on the phospho-regulated Mad1 C-terminus
checkpoint functions shaped our focus to find out putative phosphosites on the very
end of the CnMad1 C-terminus (Ji Z. et al., 2017; Fischer ES., et al., 2022). In vitro
kinase analysis showed that recombinant Mps1 phosphorylates CnMad1 as seen in
autoradiograph (Figure 5.4). To elucidate the biological impact of those
phosphorylation sites we performed site directed mutagenesis to generate alanine
mutations on the last few threonines at very end of Mad1 C-terminus. This was to
directly test whether those particular phosphosites are functionally related to
checkpoint arrest. To ascertain this, we analysed the large-budded arrests in all of
those mutants, in response to nocodazole and GAL-MPS1 treatments. Up to now, we
identified that phosphosite T667 appeared to be the more important sites for Mps1
phosphorylation. | demonstrated that this mutation results in significant failure to
maintain checkpoint in nocodazole arrest. Next to this critical site, Thr668 also showed
reduced capability to maintain mitotic arrest.

Due to time constraints of this work, there are several questions associated with
these critical phosphorylation sites, still need to be addressed in future studies.
Although, mass spectrometry-based proteomics allowed us to find out several
potential phosphosites, we still need to explore about which sites gets modified in vivo.
It would be interesting to know whether they have direct or indirect roles in the catalysis
of checkpoint complex. | would also like to further explore the impact of phosphor-

mimicking mutations in these residues in CnMad1. Finally, other major steps forward
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in the molecular dissection of checkpoint functions of CnMad1 could be to understand
how these phosphosites are regulated, as well as potential protein-protein
interactions. These interactions could potentially involve in the catalysis of active

checkpoint complex, MCC formation for robust SAC signalling.

6.4 Ongoing CnMad1 roles on Titan viability work.

As discussed in the introduction chapter (section 1.4), Cryptococcus can form
enlarged Titan cells with individual cells reaching 50 to 100 uym in diameter (Zaragoza
et al. 2010; Okagaki et al. 2010). Titan cells contribute to disease progression by
blocking phagocytosis. Titan cells produce aneuploid small daughter cells which found
to be more readily able penitrate to CNS. Mutants deficient in titan cells exhibit reduced
virulence, and mutants that produce fewer small cells disseminate more slowly
(Denham et al. 2018; Okagaki et al. 2011; Gish et al. 2016). Given this capability of
Titan cells and their daughters to contribute to disease establishment and progression,
we aimed to assess whether checkpoint mutants Titans and their daughters are viable
to not in normal growth condition.

All three mutants, mad1A, mad2A and mps1A Titans showed reduced viability.
In vitro induced Titans were dissected and have been tested on rich media YPDA
plates. After 48 hours we found noticeable reduced viable colony on each three
mutants, whereas wild type Titan had no defects on growth following dissection of
Titan cells. In or der to understand if disrupting checkpoint function results reduced
viability, we performed similar analysis of the dissected Titans of Mad1
phosphomutants. We found that the CnMad1 phosphomutants alleles which were
checkpoint defective including CnMad1-T667A, CnMad1-T668A have no noticeable
impact on titan daughter viability. This preliminary data indicates that the parts of
CnMad1 that are crucial for checkpoint signalling may not be those important for Titan
viability. This recommends checkpoint independent function of Mad1 which could be
essential for titan cells viability. We need to understand further which domains of
CnMad1 and Mad2 are required for this titan viability. This is an ongoing project,
truncations from the N-terminus Mad1 might reveal the regions required for titan
viability in future. Mad1 C-terminal is mostly responsible for checkpoint functions in

other systems. However, Mad1 N-terminal is often considered important for nuclear
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envelope binding and critical for trafficking essential transcription factors or mitotic exit
regulators. | aimed to find out which particular domain of CnMad1 is important for Titan
cell viability. Making several N-terminal truncation in CnMad1 would suggest whether
N-terminal of Mad1 is important for Titan cell viability. In addition, further mass
spectrometry-based analysis could also be performed of Titans in Mad1, Mad2 and
Mps1. These mass spectrometry-based interactions of Titans of these proteins might
help us to find new interactions of them protein in Titans. Therefore, these experiments
on Titans in Mad1, Mad2 and Mps1 could help to understand better their involvement
on Titan cell viability which seems to be a checkpoint independent function of these

proteins.

6.5 Projected SAC model in C. neoformans.

Our predicted model (Figure 6.1) for the SAC signalling cascade is as follows. The
signalling cascade is proposed to start with the phosphorylation of the outer
kinetochore protein, Spc105 by Mps1 kinase. This Mps1 phosphorylation could
possibly creates docking sites for the recruitment of Bub3-Bub1 as a complex. Bub1
and Bub3 found to bind to form a complex in our previous study (unpublished data
from Hardwick lab). As observed in other systems (yeast and human), Bub1 could
recruits Mad1 in kinetochores.

My works found that Mad1 is important for maintaining proper mitotic arrest. This
suggests the function(s) of Mad1 in the SAC signalling cascade. Downstream to Mad1
in the SAC, Mad2 also appeared to function as a SAC protein. Deletion of both Mad1
and Mad2 resulted inability of cells to maintain mitotic arrests. Mad1 also found to gets
phosphorylated by Mps1 kinase. Several C-terminus phosphosites of Mad1 have
shown to be checkpoint defective. To test the importance of Mad1 phosphorylation by
Mps1 in MCC (Mitotic Checkpoint Complex) catalysis could be conducted by
performing co-IPs or in vitro binding assay. Phosphorylated C-terminus head domain
of Mad1 could possibly undergo spatial rearrangement that could help Mad1 to interact
with Cdc20. In addition, this phosphorylated Mad1 could also bring Cdc20 close to the
C-mad2 for efficient catalysis of MCC. Understanding this phosphorylation dependent
protein-protein interactions could help to get better insight into SAC in C. neoformans.

More detailed molecular events on SAC signalling in yeast form of C. neoformans,
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could help to uncover critical changes in the cell cycle control mechanism in Titan cell

cycle division and control mechanisms.
? Mitotic Checkpoint
s Complex (MCC)

Anaphase Promoting
Complex (APC-C)

Figure 6.1: Model for SAC signalling cascade in C. neoformans.
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