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INTRODUCTION

1. Chromosome segregation and the key players involved.
Mitotic cell cycle ensures that the progeny cell receives a complete complement of the
genome from the parent. Whenever growth supportive conditions exist, the cell senses
and commits itself to the process of cell division that can be temporally delineated as the
G1 (Gapl) phase, S (synthesis) phase, G2 (Gap2) phase and M (mitotic). Checkpoints are
placed at G1/S, G2/M and metaphase-anaphase transitions the to ensure that key
processes such as DNA replication, repair and chromosome segregation are completed at
the desired phase. One of the key processes central to cell division is the segregation of
sister chromatids, ensuring the daughter cells receive an equal genetic complement. The
process of segregation is not initiated unless all the chromosomes are properly bi-oriented
to spindles emanating from spindle pole bodies (SPBs). Premature segregation is avoided
by sister chromatid cohesion and also by the spindle assembly checkpoint (SAC) that
senses improper/ unattached kinetochore(KT) and arrests the cell cycle prior to anaphase

(Lara-Gonzalez et al., 2012).
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Fig 1: Schematic representation of a chromosome showing the architecture of a
kinetochore (Sullivan et al., 2001)



By doing so, the system is given more time to resolve such problems so that there are no
errors in this key process. The consequences of perturbation of these processes are
catastrophic. Aneuploidy, a condition wherein a cell gains or loses chromosomes or parts
of a chromosome leading to abnormal chromosomal complement is a classic example.
These conditions are known have a direct effect on the survival of a cell. For instance,
genomic instability has been well related to disease conditions such as cancer and cell
death (Draviam et al., 2004; Jallepalli and Lengauer, 2001). Thus, the process of
segregation is required for completion of cell cycle and survival of the cell itself. The
centromere forms a hub where most of the cellular processes pertaining to segregation
occur. Assembly of kinetochores (KTs) on the centromere DNA, interaction of KTs with
the microtubules (MTs) and the activation/inactivation of SAC are the three key processes

that facilitate accurate chromosome segregation.

Centromeres

From the perspective of chromosome segregation and cell cycle, one can define a
centromere as a unique DNA locus on the chromosome that recruits and assembles the
KT over it. By doing so, a MT attachment site is generated, facilitating the process of
segregation through the dynamic interactions between them. This makes the specification
and formation of centromeres very critical for cell survival. Despite the conserved
functions a centromere serves, remarkable variations in their architecture have been
reported (Roy and Sanyal, 2011). By virtue of the size and organization, they can be
classified as point, small regional and large regional centromeres. Point centromeres are a
characteristic feature of S. cerevisiae and other yeasts like Candida glabrata,
Kluyveromyces lactis (Meraldi et al., 2006). The centromeres of this kind span a short
length (< 400 bp) and are genetically defined. On the contrary, regional centromeres span

longer stretches of DNA. Centromeres of humans and certain fungi like

3



Schizosaccharomyces pombe and Neurospora crassa fall under this category. Placed in
between these two classes are the small regional centromeres (4-6 kb in length) that were
recently discovered in Candida species (Padmanabhan et al., 2008; Sanyal et al., 2004).
The regional centromeres are not strictly sequence dependent, rather they are defined
epigenetically. The centromeric protein-A (CENP-A), a histone H3 variant found
exclusively in the centromeric nucleosome, is the candidate for the epigenetic mark till
date. By virtue of its restricted localization, the CENP-A/Centromeric chromatin

earmarks the site for the assembly of kinetochores.

3. Kinetochores
The term Kinetochore literally means ‘movement place’. A classical definition of
kinetochore, dating back to 1940s reads as follows: “the specialized region of the
chromosome where the property of active mobility on the spindle is manifested
irrespective of the number or extension of these regions in the chromosome body and of
other properties that may be associated with the region of active mobility”
(Lima-de-Faria, 1949). The proteins of the KT complex are classified based on their
proximity to centromeres or the MTs as the inner, middle or the linker and the outer KT
layer, with the inner being the most proximal to centromeric chromatin. Some of the key
protein components of this multi-protein complex and their functions are discussed
below.

3.1 Centromeric chromatin and the inner kinetochore layer
With the site for assembly of the kinetochore earmarked by centromere/centromeric
chromatin, the foundation is laid by a group of about 16 proteins that are collectively
known as the constitutively centromere associated network (CCAN) (Foltz et al., 2006;

Takeuchi and Fukagawa, 2012). Along with CENP-A and CENP-C, these proteins
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Fig 2: Schematic representation of the kinetochore structure from budding yeast and humans
(Gascoigne and Cheeseman, 2012).

assemble as distinct sub complexes (CENP-H/I/K, CENP-L/M/N, CENP-O/P/Q/R/U,
CENP-T/W/S/X) and associate themselves with the CENP-A nucleosomes. Three key
proteins in this complex are described below. CENP-A or Cse4 in budding yeast is one of
the most characterized of all the kinetochore proteins. The protein contains a CENP-A
targeting domain (CATD) in its histone fold domain responsible for its targeting to the
centromeric chromatin (Black et al., 2004). Most of the known kinetochore proteins show
a dependency on CENP-A for proper localization. In addition, any perturbation to this
protein resulted in severe mitosis defects and loss of viability, making it an essential
protein (Perpelescu and Fukagawa, 2011). CENP-C or Mif2 is another essential
kinetochore protein shown to interact with CENP-A nucleosomes. This protein requires
CENP-A and the Mis12 complex for proper localization (Westermann et al., 2003). By
their mutual interaction, these proteins facilitate the assembly of the outer kinetochore
proteins like the Ndc80 complex. Another receptor for the outer kinetochore proteins is

the recently identified CENP-T/W/S/X complex. By virtue of the HFD like structure at



the C terminus they form an integral part of the CCAN, while using the highly disordered
N-term tail, they serve as receptors of the Ndc80 complex (Nishino et al., 2013). It has
also been shown that the requirement of CENP-A can be bypassed upon ectopic
expression of CENP-T and CENP-C complex (Gascoigne et al., 2011). On the contrary,
ectopic expression of Cse4 is sufficient to drive kinetochore assembly in non-native loci
in Drosophila melanogaster (Mendiburo et al., 2011). Interesting reports like these make
it debatable whether the role of the CENP-A/ CCAN components is restricted to specify
the site of KT assembly or it extends to forming a structural platform. It should be noted
that proteins of the CCAN are greatly conserved in fission yeast and to some extent in
plants as well. However, homologs of most of these proteins are absent in case of S.
cerevisiae. Having genetically defined centromeres, proteins complexes that are specific
to these point centromeres have been found. The CBF3 complex in budding yeast an
example of this kind (Lechner and Carbon, 1991). Homologs of most of the CCAN
proteins in C. elegans (holocentric architecture) are not found, the reasons for which are

still not very clear (McAinsh and Meraldi, 2011).

3.2 The linker layer

As mentioned earlier, the proteins of this complex link the MT binding outer KT complex
and the cen bound inner KT complex. It mainly comprises of the KMN supercomplex
(also known as NMS complex in yeasts) which can be broken down into three sub
complexes namely Knll (Spcl05) complex, Misl2/Mtwl complex and the Ndc80
complex. The Misl2 complex, also called the ‘keystone’ complex, forms a stable
platform by interacting with the inner layer through CENP-C or CENP-T to host the other
two complexes in this network (Hori and Fukagawa, 2012; Petrovic et al., 2010). It
consists of four globular proteins (Nnfl, Mis12, Dsnl and Nsl1) of which the C-terminus

of the Nsl1 has been shown to interact with the subunits of the Ndc80 and the Knll
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complex while the identity of CENP-C interacting partners are unclear (Maskell et al.,
2010; Petrovic et al., 2010; Screpanti et al., 2011). The Knl1/Spc105 complex consists of
an elongated Spcl105 protein that binds to the Mis12 through its C-terminal (Cheeseman
et al., 2006). The N-terminus of this molecule is known to have weak microtubule
binding activity in vitro. However the major function of the Spc105 is playing host to the
components of the SAC. The extended N-terminus of this protein has been shown to
recruit SAC proteins Bubl and Bub3 which initiate the STOP signal for anaphase
transition, reviewed in (Foley and Kapoor, 2013; Lara-Gonzalez et al., 2012). Consistent
with the aforementioned roles of these complexes, depletion of any subunit of these
complexes led to defects in KT-MT interaction, bi-orientation and segregation (Kline et
al., 2006). Positioned at the heart of the segregation machinery, the Ndc80 complex is the
main load bearing complex with microtubule binding ability. This complex, in metazoans
is classified as a part of the outer KT complex, while in yeasts it constitutes the linker
layer. It consists of four subunits viz. Ndc80, Nuf2, Spc24 and Spc25 assembling in a
1:1:1:1 stoichiometry. It assumes a dumbbell shape with two globular domains separated
by an extended coiled coil structure, that gives it the ability to span the entire length from
the inner KT layer to the MT binding interface (Ciferri et al., 2005). While the Spc24-25
subunits are known to bind the Mis12 complex, the MT binding domains reside in the
Ndc80-Nuf2 sub complex. The globular domains of these two proteins possess Calponin
Homology Domain (CHD), rich in positive charged residues that facilitates an
electrostatic interaction with the E-Hooks of tubulin subunits rich in aspartate and
glutamate residues (Ciferri et al., 2008). Another structural feature of this region is the N-
terminal disordered tail. Bivalent interactions of this tail region have been shown, (1) with
tubulin subunit and (2) with the adjacent Ndc80 head, leading to a clustering effect. These
interactions are under the surveillance of the Aurora B kinase. Apart from the structural

support it gives, a major role of this complex is to recruit the Mps1 kinase with the help
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of Aurora B kinase (Santaguida et al., 2010). Yet another unique feature of the Ndc80
complex is the presence of a looped structure whose function was not very clear until
recent studies. It has now been shown that the looped region is essential for the binding of
Daml complex (in S. cerevisiae) and its functional homolog Skal complex in case of
vertebrates (Maure et al., 2011; Zhang et al., 2012). While the role of this loop in
functioning of SpDam1 complex is not known, its effect on the function of microtubule
associated proteins Disl, Alp7 that stabilize and regulate spindle architecture is reported.
Strains with mutations in this loop show improper MT binding and profound segregation
defects (Nilsson, 2012; Tang and Toda, 2013).

3.3 The outer kinetochore complex and the KT-MT interactions.

The process of segregation occurs in a small window of time where the sister chromatids
have to be pulled apart to the opposite poles. This function has been assigned to the KT
complex and the driving force is the dynamic MTs (Koshland et al., 1988) . Although the
Ndc80 complex is the major load bearing complex of the KT, its microtubule binding is
supported by the third layer of KT called the outer kinetochore complex, which in yeasts
is called the Dam1 complex. Although the KT subunit composition and the functions
remain conserved across species, the outer KT complex shows striking differences and
has always been an exciting avenue for research (Cheeseman and Desai, 2008;
Westermann et al., 2007). Unlike the other layers, the outer KT complex constituted by
the Dam1 complex in fungi has no clear homologs in metazoans.

The first components of the complex, Duol and Dam1, were identified over a decade ago
in classical genetic screens for spindle/ microtubule defects and were later localized to the
KT. Mutants studies revealed a severe defects in spindle structure, segregation and loss of
viability, leading to their classification as members of the KT complex (Cheeseman et al.,
2001a; Cheeseman et al., 2001b; Hofmann et al., 1998). Next to be identified was the

Dadl protein, that was found in screen for Dam1/Duol interacting proteins (Enquist-
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Newman et al., 2001). Subsequent studies dissected out the complex further and now we
know that the Dam1 complex is a hetero-decameric complex, consisting of ten subunits
viz. Dadl-4, Daml, Duol, Askl, Spcl9, Spc34, Hsk3 (Cheeseman et al., 2002; Janke et
al., 2002; Li et al., 2005; Li et al., 2002).

The impetus for extensive research on the structure of this complex was provided by
reports (Miranda et al., 2005; Westermann et al., 2005) in which the complex was first
purified in vitro and was shown to assemble into a ring like structure. As a 16-mer (each
monomer contains all the ten subunits), the complex was shown to form a ring encircling
the MTs, making it an ideal candidate for a MT base coupler to support Ndc80 function.
The ring was shown to have an inner diameter of 35nm and interactions with the MTs are
facilitated by the protrusions from each monomer towards the MT by the dam1 complex
subunits. Cryo-EM studies using MBP-labelled complex has yielded information on the
relative positions of these subunits in the monomer (Ramey et al., 2011). For the function
the complex is expected to perform, a ringed structure is the well suited as it gains
support from similar architecture of proteins like the PCNA, which slides down the linear
DNA molecule.

The purified Daml complex possesses intrinsic ability to attach to and track the
depolymerizing ends of the microtubules. In vitro studies show that it can traverse several
micrometres when tethered to MTs without detaching from the lattice (Asbury et al.,
2006; Westermann et al., 2006). In addition, the study also showed the ability of these
purified complexes to transport cargo in the form of beads, mimicking the case of
segregating chromatids. Yet another interesting property of the complex is its ability to
preferentially bind to GTP-tubulin subunit. This gives insight into the tip tracking ability
or in other words, the selectivity to the plus end of the microtubules which drives the

process of segregation(Westermann et al., 2005). Despite the attractive results with the in
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Fig 3: The subunit organization and structure of the scDaml complex. (A) Electron
microscopy (EM) image of a single KT particle showing a ring structure around the MTs. (B) A
schematic of the KT-MT interface with protein interactions between the Mtw1, Ndc80 and Dam1
complex. (C) Graphical reconstruction of the cross section view of Dam1 rings around MTs from
the EM images. (D) The ring structure requires the assembly of 16 monomers each containing the
ten subunits. The subunit organisation in each monomer is schematically represented in D.
(Gonen S. et al (2012); Ramey, V.H. et al (2011))

vitro ring structure, concrete statements cannot be made on the in vivo relevance of this
structure as no reports indicating the existence of such a structure in vivo are available.
However, the closest report in this regard estimates the copy number of constituent
kinetochore proteins by quantitative fluorescence microscopy. Using the GFP tagged
versions of the protein from the native promoter, the copy number of Daml complex
subunits have been approximated to 16-20 copies during metaphase in case of budding
yeasts S. cerevisiae and C. albicans (Joglekar et al., 2008; Joglekar et al., 2006). It is well
known that one KT/MT stoichiometry exists in S. cerivisiae. Thus 16-20 molecules of

Daml subunits per MT can translate into a ring structure in vivo. Such a correlation
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cannot be made in C. albicans due to lack of definite data regarding the MT per KT
stoichiometry. In fission yeast S. pombe, known to support 2-3 MTs/KT, the number of
Daml complex subunits ranged from 2-3, making a ring structure improbable (Joglekar
et al., 2008). Supporting this report, a non-ring form of the Dam1 complex, called the
‘Dam1 speckle’ has been shown to exist in S. pombe with properties similar to ScDam1
complex (Gao et al., 2010).

The Daml complex function is negatively regulated by phosphorylation by the kinase
Aurora-B/ Ipll. The subunits of the Daml1 complex especially the Dam1 subunit itself
harbour multiple Ipll phosphorylation sites in the C-terminus, that map to the MT
proximal protrusion domain (Biggins et al., 1999; Cheeseman et al., 2002). In cases of
improper KT-MT interactions, the affinity for MT binding is reduced and this transient
detachment occurs by Ipl1 assisted phosphorylation. This gives the system another chance
to make a proper KT-MT interaction. Apart from interaction with MTs, the self assembly
of the subunits into rings is under phospho-regulation by Ipll. It has been hypothesised
that the Dam1 complex assists the primary load bearing Ndc80 complex in segregation by
enhancing its MT binding and tip tracking properties. This cooperative binding between
the two complexes is also under Aurora-B phospho-regulation (Lampert et al., 2010; Tien
et al., 2010).

In humans, a functional homolog of the Dam1 complex, called the Ska complex has been
identified (Guimaraes and Deluca, 2009; Welburn et al., 2009). Although no sequence
conservation exists, the Ska complex shows similar properties as the Dam1 complex, such
as tracking depolymerizing ends of MTs. It has three subunits viz. Skal, Ska2 and Ska3
all of which are essential for complex formation. The structure of the complex has been
solved. It was found to be a dimer with 4 MT binding sites, assuming a W shaped
structure. The Ska needs the members of the KMN network for its localization. Mutants

of the subunits of this complex showed defects in MT-KT attachment, chromosome
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segregation. Interactions of this complex with the MTs and other KT proteins are under
the surveillance of Aurora-B kinase. Given these similarities, it is believed to be the
functional counterpart of the Dam1 complex found in yeasts (Jeyaprakash et al., 2012;
Varma and Salmon, 2012).

Kinetochore assembly and regulation in fungi

With the exception of few species specific complexes, the proteins of various layers of
KT remain conserved to a greater extent. However it is interesting to see differences in
some aspects like their assembly and regulation. Proteins of different layers of the KT
remain clustered and are constitutively present across the cell cycle in case of S.
cerevisiae and C. albicans (Roy et al., 2011; Thakur and Sanyal, 2011). The constitutive
localization of the KT at the centromere DNA is independent of tubulin in case of C.
albicans but in S. cerevisiae, a spindle dependent loading of the Dam1 complex has been
reported (Li et al., 2002; Thakur and Sanyal, 2011). Quite different from this is the case in
S. pombe where the outer kinetochore proteins (except Dadl) are loaded only during
mitosis stage (Liu et al., 2005). An ordered assembly of the middle and outer layers of
KT proteins in the mitosis phase has recently been reported in a basidiomycetous yeast
Cryptococcus neoformans (Kozubowski et al., 2013).

The point centromere protein Ndc10 dictates the localization and assembly of other
kinetochore proteins in budding yeast, thereby acting as a master regulator for KT
assembly in this species. In S. pombe, the Mis6 protein governs the localization of various
other kinetochore proteins along with Spc7 [reviewed in (Roy et al., 2013)]. Interestingly,
proteins of different layers of the KT show an interdependency for their localization in
case of pathogenic yeast C. albicans (Thakur and Sanyal, 2012), unlike the hierarchical
nature of dependency observed till date. The necessity of these differences in the
regulation especially of the outer kinetochore, from an evolutionary perspective remains

unclear. Further studies on this process across different species might provide some
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insights in identifying the branch point for this trend.
Essentiality of the Dam1 complex

All the subunits of the complex are essential for viability in the budding yeast
(Enquist-Newman et al., 2001; Hofmann et al., 1998; Janke et al., 2002; Li et al., 2005).
A similar result was seen in the case of pathogenic yeast C. albicans (Burrack et al.,
2011; Thakur and Sanyal, 2011). Mutant strains showed a multitude of defects ranging
from abnormal spindle morphology, growth arrest and defects in nuclear segregation
subsequently leading to loss of viability. In case of fission yeast, defects in segregation
were seen at an augmented rate in the Dam1 complex mutants, however, the complex was
dispensable for viability (Liu et al., 2005). As mentioned earlier, despite the process of
cell division being conserved, minor differences do exist across species. In these two
species- S. cerevisiae and S. pombe where the essentiality of the Daml complex is
different, few differences like the centromere architecture, stoichiometry of MTs/KT and
the temporal association of the Dam1 complex with centromeres are well known. Studies
on C. albicans, an organism in placed in between these two fungi, revealed that the
complex is essential for viability (Burrack et al., 2011; Thakur and Sanyal, 2011). It
should be noted that C. albicans has repeatless small regional centromeres , hence the role
of centromere architecture in governing the essentiality was ruled out. The hypothesis that
the essentiality is limited to the presence of LMT per KT stoichiometry was also tested in
C. albicans by a system where Cse4 levels were overexpressed. In such conditions, it was
found that the essentiality of the Daml complex was compromised to some extent
(Burrack et al., 2011). This gives an interesting lead to test for the essentiality of the
Daml complex in systems where one can expect variations in these properties.
Candida tropicalis
C. tropicalis is an asexual budding yeast that one of the etiological agents of candidiasis.

It is normally a part of commensal microbiota, acts as an opportunistic pathogen causing
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the disease in immunocompromised conditions.

6.1 General features

In nature, C. tropicalis can be found as a commensal in the gastrointestinal and the
reproductive tract. It is a member of the CTG clade, a subgroup of species that translate
the CTG encoding leucine as serine. The organism can exist in three physiological states
viz. the yeast form, the hyphal and the pseudohyphal form. Classic yeast forms are
ellipsoid in shape and they form round and smooth colonies. Pseudohyphal cells show
unipolar budding pattern and forms chains of cells attached to one another as they do not
separate from one another after cytokinesis. Hyphal cells are elongated and show tube
like morphology. Recently, a parasexual cycle, similar to C. albicans was identified in C.
tropicalis where diploid yeasts of a and a mating type form tetraploids. Later by
concerted chromosome loss they revert back to diploidy completing the parasexual cycle
(Seervai et al., 2013). C. tropicalis is predicted to have a 30 Mb genome organised into 7
pairs of chromosomes. Repeat associated centromeres, much similar to that of fission
yeast S. pombe has been identified in this species (Chatterjee et al., unpublished results).
6.2 .Classification

The taxonomic classification scheme for C. tropicalis is as follows

Kingdom Fungi
Phylum Ascomycota
Subphylum  Saccharomycotina

Class Saccharomycetes
Order Saccharomycetales
Family: Saccharomycetaceae
Genus Candida

Species Candida tropicalis

14



6.3 Clinical relevance

Reports indicating the rise of non-Candida albicans species resulting in candidiasis are
increasing in the last decade. Three major species in this category include C. tropicalis, C.
glabrata and C. parapsilosis (Pfaller et al., 2010; Silva et al., 2012). In tropical countries
like India, C. tropicalis is found to hold a major share in causing systemic and
nosocomial candidiasis (up to 70%) (Kothavade et al., 2010). Results from the ARTEMIS
antifungal surveillance study has indicated that C. tropicalis is the second most causative
agent isolated from infected specimens in Asia-Pacific. The study also shows a rise in
number of azole- resistance strains owing to unprecedented use of antifungals for
prophylaxis (Pfaller et al., 2010). In addition to immunocompromised cases, the incidence
of C. tropicalis infections is also higher in patients with neutropenia and other
haematological malignancies. It is also interesting that C. tropicalis has been shown to be

more invasive than C. albicans (Wingard et al., 1980).

Basis of this study

The role of KTs in the process of chromosome segregation and in turn the survival of a
cell is well established. The outer KT Dam1 complex is an integral part of this machinery
that is found exclusively in the fungal kingdom. Playing a critical role in cell division,
this complex presents itself as an attractive target for development of antifungals against
pathogenic fungi. Understanding the essentiality of this complex in pathogenic fungi like
C. tropicalis would open up new targets for therapeutic intervention. In addition, the
species has an advantage with its place in the phylogenetic tree. With centromere
architecture close to S. pombe unlike the other Candida members, and other properties
like the dynamics of KT assembly, the stoichiometry of MT/KT unexplored, this species

makes an ideal organism to study the course of evolution of this complex.
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8. Specific objectives
With the above premise, the specific objectives of this study are laid down below

e Identification of the homologs of Dam1 complex in C. tropicalis, and their

characterization (of four representative subunits Dadl, Dad2, Dam1 and Ask1).

e Identification and characterization of MET3 promoter in C. tropicalis.

e Studying the essentiality of the Dam1 complex using the MET3 promoter.

16



Results
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1. The outer kinetochore complex in C. tropicalis.

1.1 Identification of the Dam1/DASH complex subunits in C. tropicalis.

Using the amino acid sequences of the subunits of the Dam1 complex of the closely related

C. albicans species as the query, the homologs of all except Dad4 was obtained by BLAST

analysis. Despite the genetic relatedness among the two species, the degree of homology was

found to be less, evident from the sequence alignment of proteins from yeasts S. cerevisiae,

C. albicans and S. pombe along with C. tropicalis (Fig 4). This could be a result of the

evolution of these proteins along with the centromere sequences (discussed later). Table 1

summarizes the biochemical properties of the proteins of this complex along and the extent of

conservation with C. albicans.

Table 1: Dam1 complex subunits in C. tropicalis.

Homology with

ORF # Length (No. of amino acids) ) Mol. weight | Predicted pl of
Protein | (CTRG_#) c alt_)lcans (kDa) the protein
C. tropicalis C. albicans protein (%)

Dadl 03625 99 99 71 11.83 4.68
Dad2 01487 143 125 61 17.16 4.34
Dad3 00628 150 138 70 18.00 4.17
Daml 03385 287 277 57 34.44 10.35
Duol 05744 163 171 53 19.55 4.76
Askl 00035 456 594 41 54.72 5.59
Hsk3 01265 98 106 87 11.76 5.58
Spcl9 04775.3 173 175 49 20.76 9.89
Spc34 05730 268 247 46 32.16 4.70

http://www.broadinstitute.org/annotation/genome/candida_group/Blast.html
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Fig 4: Alignment of sequences of (A) Dadl, (B) Dad2, (C) Daml and (D) Askl subunits of
the Dam1 complex from four yeasts: S. cerevisiae, C. albicans, C. tropicalis and S. pombe.
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1.2 Epitope tagging of 4 subunits of the Dam1 complex.
To characterize the subunits of the outer kinetochore complex in this species, four from
the above identified nine subunits namely Dadl, Dad2, Dam1 and Askl were taken ahead
for further experiments. Each of these four proteins was tagged at the C-terminus with a
Tandem Affinity Purification (TAP) tag.

The TAP tag contains a Protein A tag and a Calmodulin Binding Protein (CBP)
sequence that are separated by a Tobacco Etch Virus (TEV) protease cleavage site. Both
the tags can be used in tandem to pull down native protein complexes by using affinity
matrices from biological systems and hence the name TAP tag. A schematic
representation of TAP tag and the cassette constructed for the TAP tagging proteins are
shown in Fig 5. The TAP tagging cassette for these four proteins was used to transform

the strain CTKS107. The transformants were selected for uracil prototrophy, subsequently

A
I EV cleavage site
Protein A
’ J
B TAP Tag
cFP
—>
———  OFF TAP ' URA3 3’UIR ——
e
NV 34

Fig 5: Schematic representation of the Tandem Affinity Purification (TAP) tag and the cassette
constructed for tagging the protein of interest. (A) Two epitopes- Protein A and Calmodulin Binding
Peptide (CBP) separated by a Tobacco Etch Virus (TEV) protease site constitute the TAP tag used in
this study. (B) Cassette for homologous recombination was constructed using the ORF and the 3’UTR
sequences. Arrows indicate the locations of confirmatory Forward Primer (cFP, placed outside the
cassette) and reverse primer (within the cassette) used for PCR confirmation of transformants.
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confirmed by PCR (see Materials and Methods).The expression of these fusion proteins were
checked by western blotting using the total cell lysates from strains CTSR100 (DAD1/DAD1-
TAP), CTSR200 (DAD2/DAD2-TAP), CTSR300 (DAM1/DAM1-TAP) and CTSR400
(ASK1/ASK1-TAP). The following results were obtained upon probing these lysates with anti-
Protein A antibody. Lysate from CTSR100 showed a single band of size 33.5 kDa, the
expected size of the Dad1-TAP fusion protein (Fig 6A). Similarly, bands at the expected sizes
of 38 kDa and 52.6 kDa were obtained from the CTSR200 and CTSR300 lysates
corresponding to Dad2-TAP and Dam1-TAP fusion proteins indicating that the proteins are
indeed expressed (Fig 6B and 6C). The Ask1-TAP fusion protein was picked up as a single
band of ~100 kDa size (Fig 6D). However, the expected size of this protein is 71.7 kDa. One

reason for this anomalous behaviour could be the intrinsic negative charge/ low pl of this

protein.
(A) CTSR100 (DAD1/DADI-TAP) (C) CTSR300 (DAM1/DAMI-TAP)
N P M 4 8 11 N M 5 8 ?
iy
35kDa S | 2 5D 55KDa - —p— [52.6 kDa
| -

L 2
R Ll

(B) CTSR200 (DAD2/DAD2-TAP) (D) CTSR400 (ASK1/ASKI-TAP)

N M 4 5 M N P 1 8 11
38kDa

35kDa L —

100kDa | s e | 71.7kDa

- - -

Fig 6: Confirmation of TAP tagged proteins by western blot. Total cell lysates from the strains
CTSR100, CTSR200, CTSR300 and CTSR400 were prepared by TCA method and probed with anti-
Protein A antibody. (a) The fusion protein Dad1-TAP was detected at the expected size of 33.5 kDa. (b)
The Dad2-TAP protein with an expected size of 38 kDa was picked up as a single band at this size. (c) A
52.6 kDa band corresponding to Dam1-TAP fusion protein was detected from CTSR300 lysate. (d) Askl-
TAP was detected as a single band from CTSR400 lysates with a size close to 100 kDa (higher than the
expected 71.7 kDa for the fusion protein). Lanes N- negative control, P- positive control, M- molecular

weight marker, 1- 11: transformant number.
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1.3

Prot. A DAPI

Tubulin

Mer

The tagged outer KT proteins show localization similar to the C. albicans homologs.

The localization of outer kinetochore proteins are well known in the budding yeast and
the closely related pathogenic yeast C. albicans (Thakur and Sanyal, 2011). Subcellular
localization of these four proteins from C. tropicalis was studied by indirect
immunofluorescence using the strains CTSR100, CTSR200, CTSR300 and CTSRA400.
Cells at log phase were harvested, fixed and stained with anti-Protein A and anti-tubulin
antibodies along with a nuclear stain DAPI. When observed under fluorescence
microscope, distinct dot like signals close to the SPBs and located at the periphery of the
nuclear mass was evident in unbudded cells. In the case of large budded cells, two distinct
dots, one at each bud connected by the mitotic spindle were evident along with the
segregated nuclear mass (Fig 7). Such a localization pattern suggests that these proteins
are clustered and they localize to the KT throughout the cell cycle as observed in the case

of C. albicans.

(A) CTSR100- (DAD1/DAD1-TAP) (B) CTSR200- (DAD2/DAD2-TAP)
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(C) CTSR300 (DAM1/DAM1-TAP) (D) CTSR400 (ASK1/ASK1-TAP)

Fig 7: Subunits of the Dam1 complex localize to the centromeres in C. tropicalis. CTSR100,
CTSR200, CTSR300, CTSR400 strains were fixed and stained with DAPI, anti Protein-A and
anti-tubulin antibody. Distinct dot like signals were detected in both unbudded and large budded
cells for (A) Dad1-TAP, (B) Dad2-TAP, (C) Dam1-TAP and (D) Ask1-TAP. This indicated that
the Dam1 complex is constitutively localized to the KT in this species. Bar, 1um.
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2. Characterization of the MET3 promoter in C.tropicalis.

2.1 Background
The MET3 promoter is one of the well characterized promoters in yeasts that is
commonly used to shut off the transcription on gene under it upon addition of methionine
and cysteine. The MET3 gene codes for an enzyme ATP sulphurylase, acts in the first
step of the inorganic sulphur assimilation pathway for biosynthesis of sulphur containing
amino acids. The transcription of enzymes in this pathway is controlled by a regulator
Met4. This protein has three domains viz. the activation domain, the inhibitory domain
and the auxiliary domain. Methionine and cysteine upon assimilation by the cell leads to
formation of S-adenosyl methionine (SAM). This binds to the inhibitory domain of the

transcription factor to negatively regulate the transcriptions (Marzluf, 1997).

2.2 Constructs to identify the promoter length for maximum efficiency
The homolog of this protein was found in C. tropicalis using the sequence of the C.
albicans MET3 gene as the query for BLAST search. The DNA locus CTRG_03661.3
was shown as the putative homolog for the MET3 gene. The sequence alignment of the
two ORFs is shown in Fig 8A. The intergeneic region between the MET3 ORF and the
previous ORF spans 3.25 kb (Fig 8B). For optimising the length of the region showing
the promoter activity, two plasmid constructs were made, (a) one with sequences of the
entire intergeneic region (MET3priong) and (b) one with sequences of 1.4 kb upstream
from the ATG of the MET3 ORF (MET3prsnort). The DAD1 ORF was cloned under these
two promoters to measure the promoter activity. A schematic representation of different

steps involved in making a conditionally expressing strain is shown in Fig 8C.
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Fig 8: MET3 in C. tropicalis. (A) Sequence alignment of MET3 sequences from C. albicans
and C. tropicalis show 88% conservation between therm. (B) A schematic representation of the
MET3 locus in the genome, showing the flanking ORFs and the intergenic regions. (C) The
stepwise process in generating a conditional mutant of Dadl is illustrated: in the first step, one
allele is deleted to generate a NATR heterozygous strain. The marker is then recycled after
which the other copy is placed under the MET3 promoter. Asterisk (*): schematic of the
promoter replacement cassette. Two constructs with varying lengths of MET3 promoter were
made (MET3)ong and MET3ghort promoter respectively).
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2.3 The full length MET3 promoter is required for complete repression of Dadl

In order to test the promoter efficiency in these sequences, the only copy of the DAD1
ORF should be placed under these promoters. Since C.tropicalis is an obligate diploid
species, one of the two alleles of the gene has to be deleted. In this regard, a deletion
cassette was constructed such that sequences (~500 bp) upstream and downstream of the
DAD1 ORF were cloned using the sites flanking the CaSAT marker present in the plasmid
pSFS2a. This cassette was used to transform the strain CTKS107. The transformants were
selected for Nourseothricin (NAT) resistance.

The two MET3prDAD1constructs were then used to transform CTSR103 strain
(dad1/DAD1; CSE4/CSE4-GFP) to place DAD1 under the MET3 promoter. The strains
with DAD1 under 1.4 kb MET3promoter are named CTSR104 while those where DAD1
is under full length MET3 promoter are named CTSR105. The transformants were
confirmed by PCR using the primers VR49 and SR28.

Confirmed transformants were then streaked for single colonies on plates containing
different concentrations of met and cys (0, 1, 2.5 and 5 mM each) to check for the
promoter efficiency. From the plate pictures shown below (Fig 9), it is evident that there
IS no drastic inhibition in growth of the transformants in plates up to 5 mM methionine
and cysteine in the strain with 1.4 kb MET3 promoter. On the contrary, the transformants
in which DAD1 is under full length MET3 promoter showed inhibited growth in
concentrations as low as ImM met and cys. From this observation, it can be stated that
the full length intergeneic region is required for optimal promoter function, to achieve

desired levels of repression
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Fig 9: Analysis of promoter efficiency. (A) The efficiency of the short promoter were checked by
streaking CTSR104 strain along with the parent CTSR103 in permissive (-CM: no met and cys) and
repressive (+CM: 1mM met and cys) media. (B)The efficiency of the full length promoter were checked by
streaking CTSR105 strain along with the parent CTSR103 in permissive (-CM) and repressive (+CM)
media. The pattern of streaking is shown schematically in the left side. Plates were photographed after 48 h
incubation. On comparing the growth of CTSR104 and CTSR105 strains in repressive conditions, it was
inferred that the full length intergeneic sequence is required for optimum promoter activity.
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3. Effect of Dadl depletion on growth of C. tropicalis.
The following experiments were performed to study the effect of outer kinetochore
protein (Dadl) depletion on the cell cycle of C.tropicalis

3.1 Dad1 is essential for growth and viability of C.tropicalis
CTSR105 strains, with DAD1 under the full length MET3 promoter along with the parent
strain CTSR103 were streaked on permissive (-CM: CM-met-cys) and repressive plates
(+CM: CM+1mM met and cys). The plates were observed for growth of single colonies
after 48 h incubation. While that parent strain (dad1/DAD1) grew on both permissive and
repressive media to form single colonies, the CTSR105 transformants did not show
growth beyond the main streak (Fig 10). The inability of these transformants to grow in
repressive conditions indicated that Dad1 is an essential protein, indispensable for growth

and viability of C.tropicalis.

-CM +CM

CTSR105
dadl/
MET3,,,;DAD1

CTSR103
dadl/DAD1

CTSR105
dadl/
MET3,,,,DADI

Fig 10: Dadl is essential for viability of C. tropicalis. CTSR105 strains along with the
parent CTSR103 strain were streaked on permissive (-CM) and repressive media (+CM)
and imaged after 48 h incubation. The streaking pattern is depicted in the left side. The
inability of the CTSR105 strains to grow upon depletion of Dadl in repressive media
indicates that Dadl is indispensable for viability of this species.
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3.2 Phenotypic changes associated with Dadl depletion.

Candida species are known to propagate in different forms viz. the yeast form, the
hyphal and the pseudohyphal form. Deletion of one of the two alleles of DAD1 did not
show any visible phenotype or growth differences. Upon depleting the protein under non
permissive conditions, CTSR105 strains showed gradual accumulation of large budded
cells (indicating a growth arrest) which later progressed into elongated budded structures
(Fig 11). The figure shows increase in the proportion of large budded cells up to 6 hours

and accumulation of cells with elongated bud in the subsequent time points.

o
o
838

D

CTSR103
dad1/DAD1

CTSR105
dad1/MET3,,,, DAD1

Fig 11: Dadl depletion causes accumulation of large budded and cells with elongated buds.
CTSR103 and CTSR105 strain was grown in non -permissive condition (+CM) to observe for any
visible phenotype defects. Accumulation of large budded cells was seen at 6 h time point that
progressed into elongated budded cells at later time points. The control strain, with a single intact
allele of DAD1 showed no such defect up to 12 h growth in the same media.
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3.3 Role of Dadl in cell cycle progression in C. tropicalis

To study the cell cycle progression upon depleting Dadl, the following experiment
was performed. CTSR103 and CTSR105 strains were grown in permissive media (-CM)
and incubated for 12-14 h. From this preinoculum, cells were seeded to 0.1 ODggo into
permissive (-CM) and repressive media (+CM). Cells were harvested at every 2 h
intervals up to ten hours, processed and analysed by flow cytometry. The CTSR104
(dad1l/MET3prsnort DAD1) strain was also included in this study to check the difference in
the efficiency between these two constructs. Accumulation of cells in the G2/M stage can
be seen after 6 h of growth in repressive conditions while the population of cells in
permissive media showed no such arrest up to 12 h growth period. The results of this
experiment are shown in Fig 12.

From the histogram, gradual accumulation of large budded cells (rise in the G2/M
peak) up to 6 h can be seen when the Dadl protein was depleted using non permissive
media. At this time point, there is almost a complete suppression of G1 peak indicating
that the major population of cells are in the large budded stage. No such growth arrest
was evident when the same cells were grown in permissive media (Fig 12, left panel).
This showed that Dadl is required for proper progression and completion of cell cycle in
C. tropicalis. The broad and stunted peaks seen at the later time points upon repression
(10 h time point) could be due to the phenotype changes (accumulation of cells with
elongated buds) associated with Dad1 depletion as evident from light microscopy images
of cells at these time points.

In addition, when the CTSR104 cells, with 1.4 kb MET3 promoter were grown in
non-permissive conditions, no G2/M arrest was observed. This further validated our

conclusion that the 1.4 kb promoter is insufficient to exert complete repression (Fig 13).
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Fig 12: Dad1is required for proper cell cycle progression in C. tropicalis. Flow cytometry analysis
was performed on fixed CTSR105 cells stained with Pl after growth in non-permissive conditions to
study cell cycle progression. Accumulation of cells with 4N DNA content indicated a large bud
(G2/M) arrest upon repression for 6 h, while no such effect was seen in permissive conditions. This
showed that Dadl is required for proper progression of cell cycle in this species.
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Fig 13: The 1.4 kb MET3 promoter is insufficient for optimal promoter activity. Flow cytometry
analysis was performed on fixed CTSR104 cells stained with Pl after growth in non permissive
conditions to test the efficiency of this promoter. A slight increase in proportion of cells with large
buds were evident, however Dadl depletion using this promoter did not result in a complete
suppression of G1 peak as observed with the full length promoter. This indicated that the 1.4 kb
promoter is insufficient to exert the levels of repression required to deplete a KT protein.
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3.4 Effect of Dadl depletion on chromosome segregation

Depletion of a KT protein is known to cause defects in segregation. To study this process in
the case of Dad1 depletion, CTSR105 cells, grown in permissive media for 12 h were seeded
into permissive and repressive media and incubated for 6 h. The cells were then fixed and
stained with DAPI. By fluorescence microscopy, it was observed that large budded cells
accumulated upon repression and they had abnormal nuclear morphology. Most of them had
an undivided single nuclear mass stuck at the bud neck (90% of the large buds, 68% of the
total), while other patterns like unsegregated nuclei at one of the buds, unequally segregated
nuclei were found at lower frequency. Only a meagre population (less than 10%) of cells
showed proper segregated nuclear mass upon repression (Fig 14). Cells with elongated buds
with the nuclear mass in the bud, started to appear at this stage (7% of the total).However,
the control population (CTSR105 cells grown in permissive media)showed proper
distribution of unbudded, small and large budded cells typical of an asynchronous culture
with no defect in nuclear segregation. Such a profound rise in segregation defects could be

the reason for the drop in viability upon depletion.

Table 2: Effect of Dadl depletion on nuclear segregation

Percentage of cells with indicated segregation pattern

35 65 10 12 - <1
Permissive (N=154)

Non-permissive (N=142)* 10 7 - 6 2 68

Representative DAPI images of the observed nuclear morphologies.
Asterisk (*), 7% of the population were elongated budded cells as shown in the last DAPI image. Bar, 2pum
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Discussion

1. The Daml complex is conserved in C. tropicalis.

All the subunits of the Dam1 complex, except Dad4 were identified by BLAST analysis
using the sequences of C. albicans homologs as the query sequence. Only a modest level of
conservation of proteins between the two closely relate species C. albicans and C. tropicalis
(see Table 1) was observed. The same can be observed from the sequence alignment of
proteins of the Dam1 complex from four species (S. cerevisiae, C. albicans, C. tropicalis, and
S. pombe) across the fungal kingdom (Fig 4). The KT proteins are amongst the most rapidly
evolving proteins in the genome , driven by the rapidly evolving nature of centromeric
sequences. Evolution of centromeric sequences in various organisms is well documented.
Recently, such an observation was made in the centromeres of two closely related species C.
albicans and Candida dubliniensis (Padmanabhan et al., 2008). C. tropicalis was recently
found to have repeat associated centromeres similar to S. pombe and not like C. albicans
centromeres (Chatterjee et al., unpublished data). The low level of conservation between
proteins in these two closely related species could be attributed as an adaptation to their
divergent centromeres. In addition, there are instances where there is insertion/deletion of a
stretch of amino acids from the protein. This is well seen in the case of the Dam1 protein-
SpDaml1 protein does not have a stretch of amino acids in its C-term that is known to harbour
sites for MT binding (Fig 4C). Deletion of this domain from ScDam1 has shown to reduce its
MT binding capacity (Grishchuk et al., 2008). However, it should be noted that various
biochemical properties like the pl, sequences with tendency to form coiled coil regions,
distribution of charged residues are conserved. In case of Dad4, it could be possible that the
protein has diverged to an extent where one cannot identify its homolog solely based on the
amino acid sequence. Rather, conservation could be at the level of the structure of the protein.

Besides these bioinformatic predictions, affinity purification of the entire outer KT complex
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using any of the TAP tagged proteins generated in this study will shed light on the actual
composition of this complex in vivo.

Remarkable differences in the behaviour of KT proteins across the cell cycle have been
observed. In budding yeast, the proteins of all the three KT layers remain associated with the
centromeres and the spindle MTs throughout the cell cycle (Cheeseman et al., 2001a;
Enquist-Newman et al., 2001; Janke et al., 2002). Further, the loading of the Dam1 complex
is also dependent on the spindles (Li et al., 2002). A similar trend has been shown in the case
of pathogenic yeast C. albicans. The KTs of this species are localized to centromeres
throughout the cell cycle. Studies using nocodozole treated cells showed that the localization
of the Dam1 complex is not dependent on the spindle unlike the case of S. cerevisiae (Thakur
and Sanyal, 2011). On the contrary, a role of Dad2 in maintenance of spindle morphology in
interphase cells has been shown. The scenario is much different in the case of fission yeast S.
pombe. While the inner and middle layer KT proteins localize constitutively to the
centromeres, the outer KT proteins (except Dadl) are loaded only on the mitosis stage (Liu
et al., 2005). This scheme of assembly is similar to vertebrate systems which show a
hierarchical assembly of KT protein complexes. To study how this process has evolved in C.
tropicalis, we have expressed four proteins from the Dam1 complex as TAP fusion proteins.
Upon immunostaining with anti-Protein A and anti-tubulin antibodies, we show that the
Daml complex is associated with the KT throughout the cell cycle as in the case of
S.cerevisiae and C. albicans. Signals corresponding to all the four tagged proteins were
detected in both unbudded and large budded cells unlike S. pombe where only Dadl is
constitutively localized (Fig 6). A single dot like signal also shows that the C. tropicalis
centromeres remain clustered throughout the cell cycle, facilitating proper MT-KT
attachment and efficient segregation. Our results indicate that the Daml complex is
conserved in this species and functions similar to its C. albicans homologs. Further

characterization like in vivo association of these proteins to centromeres (ChIP assay)
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requirement of spindle for localization will provide concrete proof for the above argument.

2. The MET3 promoter in C.tropicalis

In order to study essentiality of a genes and the function of an essential gene, one requires a
controllable expression system so that the effect of expression or depletion of a gene product
can be tracked over time and studied. One of the well worked out promoter systems in the
case of repression of a gene is the MET3 promoter system. The main advantage of this system
is that it does not require a change of carbon source, which generally could lead to other
growth and phenotype changes. Rather, it requires only the addition of two amino acids- met
and cys, to the growth media. This promoter has been characterized in other fungi like S.
cerevisiae, Pichia pastoris, and Ashbia gossypii and also in C. albicans (Care et al., 1999;
Delic et al., 2013; Diuinkler and Wendland, 2007; Mao et al., 2002). In C. albicans, of the 4 kb
intergeneic region between the MET3 ORF and the preceding ORF, sequences 1.36 kb
upstream of the ATG of MET3 was shown to have optimum promoter activity. However,
from our characterization, it is evident that the full length intergenic region is essential for
optimum promoter activity. This promoter will be a useful tool to study gene function in this
unexplored organism. However, the need still exists for identification of other controllable
promoters like PCK1 promoter, MAL promoter etc. (gene expressed in the presence of
succinate and maltose) as one gets a freedom of studying two or more proteins in tandem.
Unlike the MET3 promoter, these are inducible promoters that increase the transcription
manifold upon change of carbons source. Recently, a Candida adapted tetracycline induced
gene expression cassette was optimized for C. albicans. Being a member of the CTG, one can
expect the promoter to function in this species as well (Park and Morschhduser, 2005).

3. Dadl is essential for viability in C. tropicalis.

The importance of KT proteins for faithful segregation of sister chromatids is well known.
The outer KT plays an important function of anchoring the MTs and the other KT layers

bound to the CEN. Perturbation of any protein in this complex is expected to have defective
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nuclear segregation and hence growth. In S. cerevisiae, mutants of any of the Dam1 subunit
proteins showed severe mitotic defects (Cheeseman et al., 2002; Cheeseman et al., 2001a;
Janke et al., 2002). Temperature sensitive Dad1l mutants in this species showed a wide variety
of spindle defects such as short spindles, elongated or bent spindles and broken spindles. In
addition, when grown at restrictive temperatures, the missegregation frequency increased to
30% and there was a drop in viability if these strains (Enquist-Newman et al., 2001). Similar
results have been reported for other proteins from this complex. Using conditional expression
system, proteins of the outer KT have been shown essential in case of pathogenic yeast C.
albicans. Upon repression of the outer KT proteins (Dad2, Dam1, Askl and Spcl9), cells
arrested at G2/M stage, showed profound nuclear segregation defects and also defects in
spindle morphology (Thakur and Sanyal, 2011). The Dad1 subunit was shown to be essential
in this species using a tetracycline based expression system (Burrack et al., 2011; Roemer et
al., 2003). However the mutants were not characterized further.

In this study, we developed a conditionally expressing mutant of Dadl under the MET3
promoter in C. tropicalis. The depletion of Dad1 for 6 h resulted in accumulation of cells at
the large budded stage as seen in the microscopy images. This is well supported by the flow
cytometry result that indicates a clear G2/M arrest. Further repression led to the formation of
elongated budded cells that are a result of polarized call growth. In C. albicans, cases such as
NOC treatment that arrests cells in mitotic stage, cells still elongate despite their inability to
divide resulting in structures that are similar to pseudohyphal cells. The nuclear mass
migrates to the elongating bud. Unlike the other phenotypes known, this is a terminal
phenotype i.e cells do no divide further and they eventually die (Berman, 2006). This could
be the phenomenon happening in C. tropicalis upon depleting Dadl. Much like the
description above, we see a rise in population of elongated budded cells at time points after 6
h repression. Results from DAPI staining also corroborate well with these observations. At 6

h repression, greater than 90% of the large budded cells show defective segregation
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phenotypes (unsegregated nuclei at one of the buds or stuck at the bud neck). Further, close to
8% of the population at this time point show elongated bud with a single undivided nuclear
mass. The proportion of cells with such morphology is strikingly higher in later time points
(evident from light microscopy images). A cumulative effect of all these results could be the
reason for cells not able to grow on conditions that repress Dadl levels. Being a part of the
protein complex governing KT-MT interaction, depletion of Dadl is expected to impede the
same which can be sensed by the SAC (Lara-Gonzalez et al., 2012). Upon SAC activation,
the anaphase transition is halted, resulting in a cell cycle arrest which is precisely what we
observe. One experiment that can be done in this regard is to check if the cell cycle arrest is
bypassed in the absence of Mad2 upon Dadl depletion. From our results, we can conclusively
say that the predicted Dadl ORF is indeed an outer KT protein and it is essential for viability
of C. tropicalis.

Studies on the outer KT complex from S. cerevisiae, S. pombe and C. albicans have
supported the hypothesis of essentiality of this complex for viability only in cases of one
MT/KT in the cell (Cheeseman et al., 2002; Cheeseman et al., 2001a; Liu et al., 2005; Thakur
and Sanyal, 2011). In conditions where multiple MTs/KT is facilitated in C. albicans, the
essentiality has been shown to be compromised to some extent (Burrack et al., 2011). Our
results indicate that the Daml complex is essential for viability in C. tropicalis, a species
placed between C. albicans and S. pombe. Studies on the ratio of MTs/KT in this species
would be a good test for the hypothesis, to verify whether IMT/KT governs the essentiality
of the Dam1 complex.

The regulation of kinetochore assembly shows interesting differences across various species
in fungi. Ndc10 plays the role of master regulator governing the assembly of most of the KT
proteins in S. cerevisiae, while Mis6 and Spc7 play a similar role in S. pombe. Strikingly
different from these, the proteins of different layers of KT show interdependency for their

localization and function in case of C. albicans. Depletion of a protein from any layer of the
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KT resulted in disintegration of the entire KT complex. It would be interesting to see if such a
phenomenon exists in C. tropicalis as well. If such a regulatory pattern exists, one can use the
disintegration of the KT complex as the readout to develop screens for Daml complex
inhibitors. C. tropicalis is one of the most commonly isolated organisms from candidiasis
cases in tropical countries like India. Rise of non C. albicans species in such cases have
grown from 15% to 60% over the past decade (Pfaller et al., 2010). In addition, cases of
infection by resistant strains have increased indicating a need to identify new targets for
therapeutic intervention. Common changes that an organism does to counter the effects of
drugs include modification of the enzymes or pathways that the drug targets, increasing the
number of efflux pumps to avoid drug build up within the cell etc. However, this adaptation
becomes very difficult when a core process where the cell cannot afford drastic changes is

targeted. This makes the fungal specific outer KT an attractive and efficient target.
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Materials and Methods

1. Media and growth conditions

C. tropicalis strains used in this study were grown in YPDU (2% dextrose, 2% peptone,
1% yeast extract and 0.01% Uracil) and incubated at 30°C at 180 rpm. Conditional
expression strains were propagated in complete media (CM) without methionine and
cysteine as permissive condition. Methionine and cysteine were added to a final
concentration of 1mM in CM for repression. Transformation of C. tropicalis was
performed as detailed in (Geitz and Woods, 2002). Selection of transformants was based
on prototrophy for the metabolic markers used. In case of antibiotic marker NAT,
selection was done in YPDU media supplemented with 100 pg/mL nourseothricin
(ClonNAT; CAS 96736-11-7, Werner Bioagents, Jena, Germany). Recycling of NAT
marker was done by growing the nourseothricin resistant strains in YPMU (2% Maltose,

2% peptone, 1% yeast extract and 0.01% Uracil).

2. Strain construction

2.1 Construction of strains expressing Protein-A tagged outer KT proteins.
Four subunits of the outer kinetochore complex were tagged with protein-A in this study.
DAD1/DAD1-TAP strain:
The DAD1 ORF with some upstream sequences and 500bp of the 3’UTR were amplified
from genomic DNA using primer pairs Dadl FP and Dadl RP, Dadl UTR FP and Dadl
UTR RP respectively. The TAP-URA fragment was amplified from the plasmid pPK335
using the primers Dadl TAP FP and Dadl TAP RP. An overlap PCR was setup using

these fragments to generate the 2.9 kb DAD1-TAP-URA cassette.
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DAD2/DAD2-TAP strain:

The DAD2 ORF and 500 bp of the 3’UTR were amplified from genomic DNA using
primer pairs Dad2 FP and Dad2 RP, Dad2 UTR FP and Dad2 UTR RP respectively. The
TAP-URA fragment was amplified from the plasmid pPK335 using the primers Dad?2
TAP FP and Dad2 TAP RP.An overlap PCR was setup using these fragments to generate

the 2.9 kb DAD2-TAP-URA cassette.

DAM1/DAM1-TAP and ASK1/ASK1-TAP:

The TAP fragment from pPK335 was released and cloned as BamHI-Apal fragment into
pBS-Ura plasmid, giving rise to pBS TAP-Ura plasmid. The Dam1 and Askl ORFs were
amplified (using the primer pairs SR41- SR42 and SR45- SR46 respectively) from
genomic DNA and cloned into pBS TAP Ura plasmid as Spel-BamHI fragments to give
plasmids pPRAMI1 and pRAM3. The 3’UTR sequences were amplified (using the primer
pairs SR 43- SR44 and SR47- SR48 respectively) and cloned as Apal-Kpnl fragments in
pRAM1land pRAMS3 to give pRAM2 and pRAM4. The cassette for transformation was
released by Spel-Kpnl digestion and used for the transformation.

All the cassettes for TAP tagging were used to transform CtKS107 to obtain
ORF/ORF-TAP strains. The transformants obtained were selected on CM-ura plates. The
CTSR100 transformants were confirmed by PCR by a forward primer SR49.2 upstream
of the ORF and a reverse primer NVV34 from the protein-A sequence. A 1023 bp amplicon
indicated that the cassette integrated at the correct loci (Fig 14A). The CTSR200
transformants were screened by PCR with SR29 and NV34 primers. Correct
transformants were identified by an amplicon of 1.23 kb with these primers (Fig 14B).
CTSR300 transformants were confirmed by PCR using primers SR50 and NV34 to give a

1036 bp amplicon in the case of proper integration. The expected band was picked up in
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three transformants (Fig. 14C). CTSR400 strains were tested by PCR for proper
integration of TAP tag cassette using the primer pairs SR51 and NV34. Amplicon of 932

bp in length indicated the transformant has the cassette in the correct locus (Fig 14D)

(A) CTSR100 (DAD1/DAD1-TAP) (B) CTSR200 (DAD2/DAD2-TAP)

LN 1 2456 7 8 911

1.2 kb

(C) CTSR300 (DAM1/DAM1-TAP) (D) CTSR400 (ASK1/ASK1-TAP)

L N 5 13 14

Fig 14: PCR confirmation of TAP tagged strains. (A) PCR using the genomic DNA from
CTSR100 with primers SR49.2 and NV34 resulted in 1023bp amplicon, confirming that the DAD1
ORF was tagged properly. (B) PCR using the genomic DNA from CTSR200 with primers SR29 and
NV 34 resulted in 1.2 kb amplicon, confirming the DAD2 TAP tag. (C) PCR using the genomic DNA
from CTSR300 with primers SR50and NV34 resulted in 1036 bp amplicon, confirming the proper
tagging of Daml. (D) PCR using the genomic DNA from CTSR400 with primers SR51 and NV34
resulted in 962 bp amplicon, indicating the correct integration of Askl TAP cassette.
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2.2 Construction of a Dadl conditional expressing strain.

The deletion cassette for deleting one allele of DAD1 was constructed using the plasmid
pSFS2a. Sequence upstream of the Dad1l ORF was amplified (using SR25 and SR 26) and
cloned as Sacl-Sacll fragments into pSFS2a generating the plasmid pRAMS. The
sequence downstream of the DAD1 ORF was amplified (using SR27 and SR 28) and
cloned as axhol-Kpnl fragment into pRAMDS, giving the pPRAM®6 plasmid. The deletion
cassette for transformation was obtained by Sacl-Kpnl digestion this plasmid. The NAT®
transformants were confirmed by PCR using a forward primer outside the cassette (SR65)
and reverse primer from NAT gene (SR80). After recycling the marker, the NAT®

transformants were again confirmed by PCR with primers SR65 and SR82.

The MET3 promoter fragment were amplified using primers (VR49 and VR 35) as Clal-
Sall fragments, which were cloned using the same sites into pBSUra to generate pMET1.
Sequence upstream of Dadl1ORF was amplified (using SR71- SR72) and cloned as
BamHI-Pstl fragment into pMET1 to generate pMET2 plasmid. Dad1l ORF was amplified
(using SR73- SR74) and cloned as Sall-Kpnl fragment into this plasmid to give the final
construct pMETS3. Full length promoter was amplified using the primer pairs Met3.3FP
and VR35. The 1.4 kb promoter from the plasmid pMET3 was replaced by the full length
promoter using Clal-Sall sites to obtain the plasmid pMET4. The promoter replacement
cassette was released by BamHI-Kpnl digestion and used to transform CTSR103 strain.
The transformants were selected on CM-Ura plates devoid of methionine and cysteine.

These strains were confirmed by PCR using VR49 forward primer and SR26.

(A) CTSR101 (dadl/DADI) (B) CTSR104 (dadl/MET3pr,; DADI)

1 2 3 4 5.6.7 LN, 5
e L123_45.6:78N NLL123456 7

I

€ LLeee

(C) CTSR105 (dadl/MET3 ptip,s DADI)

830bp

et

2 kb

e

2.2 kb %

2.2 kb

Fig 15: PCR confirmation CTSR103, CTSR104 and CTSR105 strains. (A) PCR using the
genomic DNA from CTSR103 with primers SR65 and SR80 resulted in 830 bp amplicon, confirming
that the DAD1 ORF was deleted. (B) PCR using the genomic DNA from CTSR104 with primers
VR49 and VR35 resulted in 2.2 kb amplicon, confirming the DAD1 ORF was placed under the
MET34hort promoter. (C) PCR using the genomic DNA from CTSR105 with primers VR39 and VR35
gave a 2.2 kb amplicon, confirming the correct integration of MET3,,,y promoter cassette
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3. Subcellular localization by Indirect immunofluorescence

Subcellular localization was performed as per the protocol detailed before (Sanyal and
Carbon, 2002). Rabbit anti-Protein A antibody (P3775, Sigma) and Rat anti-tubulin
antibody (YOL1/34, InVitrogen) were used at a dilutions 1:1000 and 1:30 respectively.
The Fluorochrome conjugated secondary antibodies viz. Alexa Fluor Goat anti rabbit
lgG 568 (A11011, InVitrogen) and Alexa Fluor goat anti-rat IgG
488(A11006,InVitrogen) were used at 1:500 dilution each. Images were captured using
LSM510 META software using a laser confocal microscope (Carl Zeiss, Germany). with
the following lasers for specific flurophores: Ar laser (bandpass, 500 to 550 nm) for
Alexa Fluor 488, He/Ne laser (band pass, 565 to 615 nm) for Alexa fluor 568, and a two-
photon laser near infrared (band pass, ~780 nm) for DAPI. Z stacks were collected at 0.4-
to 0.5 um intervals, and stacked projection images were further processed using LSM

software.

4. Protein lysate preparation and Western blot
Protein lysates for western blot were prepared by the TCA method. From overnight
grown cultures, 30Dggo equivalent cells were harvested, washed and resuspended in 400
uL of 12.5 % ice cold TCA solution. The suspension was vortexed briefly and stored at -
20°C for 12 h. The suspension was thawed on ice, pelleted at 14000 rpm for 10 min and
washed twice with 350 pL of 80 % Acetone (ice cold). The washed pellets were air dried
completely and resuspended in desired volume of lysis buffer (0.1N NaOH+1% SDS).
Rabbit anti-Protein A antibody (P3775, Sigma) and the HRP conjugated Goat anti-Rabbit
secondary antibody, both were used at 1:5000 dilution in 2.5 % Skim Milk powder in 1X-
PBS. The blots were developed using Supersignal Chemiluminescent substrate (Pierce)

and imaged using Syngene G-Box gel doc system.

5. Flow cytometry for cell cycle analysis

Cells were harvested at the required time points and processed as described in(Sanyal and
Carbon, 2002). Prior injection of sample into the flow cytometer, the cell suspension was
sonicated briefly (30% amplitude, 7 s pulse). The sonicated sample was diluted to desired
cell density using 1X-PBS and injected into the flow cytomer (BD FACSCalibur) for

analysis. The output was analysed using BD CellQuestPro software.
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6. DAPI staining

Cells grown in permissive and repressive media were harvested, washed and resuspended
in 300 uL sterile distilled water. These cells were fixed by adding 700 pL absolute
ethanol and incubated at room temperature for 1h. After fixing, the cells were washed
with ImL water twice and resuspended to obtain desired cell density. Cells were allowed
to rehydrate in water prior imaging. To 5 uL cell suspension, 3 uL DAPI (100 ng/mL,
D9542 Sigma) was added in the glass slide, mixed gently by pipetting and then the cover
slip was placed. After 5 min incubation, the cells were imaged using a fluorescence

microscope (Olympus BX51).
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Table 3: List of primers used in this study

Primer code Sequence (5’ -3°) Purpose
DAD1 FP TTCAGCAGCTCTTGCCTTC
Amplification of Dad1 ORF
DAD1 RP CTTTTTCCATCTTCTCTTTTCTTCATTTGGTTCGTCTGC
DAD1-TAP EP iiéGACGAACCAAATGAAGAAAAGAGAAGATGGAAA
GTCCATCTATTGTCCACCATACGACTCACTATAGGGCG Amplification of TAP-Ura
DAD1-TAP RP

AATTG

DAD1-3UTR FP

CAATTCGCCCTATAGTGAGTCGTATGGTGGACAATAG
ATGGAC

DAD1-3UTR RP

AGATTATGTTACGTTGCTTTAG

Amplification of DAD1 3’UTR

DAD2 FP ATGCAGAGATCAACAAGTAAC
CTTTTTCCATCTTCTCTTTTCTCGATCATTATTATATTCC | Amplification of Dad2 ORF
DAD2 RP
TCTTC
GAAGAGGAATATAATAATGATCGAGAAAAGAGAAGA
DAD2-TAPFP | Zor o AanG o
CAATTTAATGAATCTTTAATCATGATACGACTCACTAT |/ PITication of TAP-Ura
DAD2-TAP RP

AGGGCGAATTG

DAD2-3UTR FP

CAATTCGCCCTATAGTGAGTCGTATCATGATTAAAGAT
TCATTAAATTG

DAD2-3UTR RP

TGAAATTGGAAGAATTGAAG

Amplification of DAD1 3’UTR

SR 25

CCAGAGCTCGACCTTCATTTACTTCACCAC

TCCCCGCGGGATTGATAATGGGAGTAAATAAAG

Amplification of Dad1 US with

Sacl -Sacll sites
SR 26 AATATCTAAGG
SR 27 GCCGCTCGAG o )
GTACTATCAAAACTAAGCGACTTTTCTTC /Qm“fK'C?]tl'z?t:Sf Dad1 DS with
SR 28 GGGGTACCGTTTGGAAGCTGCTGGTATTG P
SR 29 CCAGAGCTCCAGTCGCAAGTTTTGAATGAATC o i
Amplification of Dad2 US with
SR 30 TCCCCGCGGGGTGGTTTATAATAGTTGTTATTGT | Sacl -Sacll sites
TGTTG
SR 31 GCCGCTCGAGCTAGTATTTCATTACACCCTATTT
ATAGTCTAG Amplification of Dad1 DS with
SR 32 GGGGTACCCAACTATAAAACCATCACTACTTAAT | Xhol- Kpnl sites
AAAGAATCC
SR43 GCGGGCCCCCACCATATATAAGCTGAAGTTTAAGTTCG | amplification of Daml 3°UTR
with Apal-Kpnl sites
SR44 GGGGTACCATCAGTTGCTTGACCTTTAGCC
SR45 GGACTAGTCTACAACCGCCGCAATTG . .
Amplification of Askl ORF with
SR46 CGGGATCCTTTTTTGGATAATCTTCTCCATCTCTC Spel-BamHiI sites
SR47 GCGGGCCCAACAATGTGCATAAATTATAAAGATTAAT ) ) )
TAG Amplification of Askl 3°UTR with
Apal-Kpnl sites
SR48 CAGAGCAAACCATTATTATATTAGTG
SR49.2 CTAACATGACCTTCATTTACTTCACCACC E‘;g’f}rig”mer to confirm
Forward primer to confirm
SR50 CGTCATCTGCATAGATCTTCAGG Dad2TAP
Forward primer to confirm
SR51 CCCTACCTCCTATCTTGAGATCAG ASKITAP
NV 34 GGTAAATGTAAGATCTCATAGAACGA Reverse primer from TAP

oV




Forward primer to confirm Dadl

SR65 CACCAGATGGATGAGAACACATG deletion
SR82 GCAAACCTCTTCTCAATCATCTGC gg\éfiﬁﬁ primer o confirm badt
— CGTTCTCOGCEAGCACAGS Reverse primer from NAT gene

MET3Pr. 3K FP

CCATCGATGATTAAATAGGTATTTATTATTG

Forward primer for full length
MET3 promoter with Clal site

SR71 CGCGGATCCCCAAACTGCCATTCTATGACCTG ) )
Amplification of Dadl 5’UTR
with BamHI-Pstl sites

SR72 GCCCTGCAGGGAGAAGATGAAGAAGATGATGATATTG

SR73 GACCGTCGACATGACATCTACATCAGACATTCC Amplification of Dad1 ORF with
Sall-Kpnl sites

SR74 CGTGGTACCGTCCATCTATTGTCCACCAC
MET3prDAD1 southern

SR119 GTACTAAAAGTTTATGAATACTAACTCCCG confirmation

Table 4: List of C. tropicalis strains made/used in this study

Strain Name | Genotype
CTKS107 ura:flp/ura:flp his:flp/his:flp
CTSR100 ura:flp/ura:flp his:flp/his:flp  DAD1/DAD1-TAP
CTSR101 ura:flp/ura:flp his:flp/his:flp  DAD1/dadl::NAT-flp
CTSR102 ura:flp/ura:flp his:flp/his:flp  DAD1/dadl::flp
ura:flp/ura:flp his:flp/his:fl DAD1/dad1::fl
CTSR103 P P P P P
CSE4/CSE4-GFP
ura:flp/ura:flp his:flp/his:flp dad1l/MET3 prshort DAD1
CTSR104
CSE4/CSE4-GFP
ura:flp/ura:flp his:flp/his:fl dad1/MET3 priong DAD1
CTSR105 prura:fip IS-TIPTIS:Tp Pliong
CSE4/CSE4-GFP
ura:flp/ura:flp his:flp/his:fl
CTSR200 P P P P
DAD2/DAD2-TAP
ura:flp/ura:flp his:flp/his:fl
CTSR300 P P P P
DAM1/DAM1-TAP
ura:flp/ura:flp his:flp/his:fl
CTSR400 P P P P
ASK1/ASK1-TAP

o1




References

52



REFERENCES

Asbury, C., D. Gestaut, A. Powers, A. Franck, and T. Davis. 2006. The Dam1 kinetochore
complex harnesses microtubule dynamics to produce force and movement.
Proceedings of the National Academy of Sciences of the United States of America.
103:9873-9878.

Berman, J. 2006. Morphogenesis and cell cycle progression in Candida albicans. Current
opinion in microbiology. 9:595-601.

Biggins, S., F. Severin, N. Bhalla, 1. Sassoon, A. Hyman, and A. Murray. 1999. The
conserved protein kinase Ipll regulates microtubule binding to Kkinetochores in
budding yeast. Genes & development. 13:532-544.

Black, B., D. Foltz, S. Chakravarthy, K. Luger, V. Woods, and D. Cleveland. 2004. Structural
determinants for generating centromeric chromatin. Nature. 430:578-582.

Burrack, L., S. Applen, and J. Berman. 2011. The requirement for the Dam1l complex is
dependent upon the number of kinetochore proteins and microtubules. Current
biology : CB. 21:889-896.

Care, R., J. Trevethick, K. Binley, and P. Sudbery. 1999. The MET3 promoter: a new tool for
Candida albicans molecular genetics. Molecular microbiology. 34:792-798.

Cheeseman, 1., S. Anderson, M. Jwa, E. Green, J. Kang, J. Yates, C. Chan, D. Drubin, and G.
Barnes. 2002. Phospho-regulation of kinetochore-microtubule attachments by the
Aurora kinase Ipllp. Cell. 111:163-172.

Cheeseman, 1., C. Brew, M. Wolyniak, A. Desai, S. Anderson, N. Muster, J. Yates, T.
Huffaker, D. Drubin, and G. Barnes. 2001a. Implication of a novel multiprotein
Dam1p complex in outer kinetochore function. The Journal of cell biology. 155:1137-
1145.

Cheeseman, 1., J. Chappie, E. Wilson-Kubalek, and A. Desai. 2006. The conserved KMN
network constitutes the core microtubule-binding site of the kinetochore. Cell.
127:983-997.

Cheeseman, 1., and A. Desai. 2008. Molecular architecture of the kinetochore-microtubule
interface. Nature reviews. Molecular cell biology. 9:33-46.

Cheeseman, |., M. Enquist-Newman, T. Muller-Reichert, D. Drubin, and G. Barnes. 2001b.
Mitotic spindle integrity and kinetochore function linked by the Duolp/Damlp
complex. The Journal of cell biology. 152:197-212.

Ciferri, C., J. De Luca, S. Monzani, K. Ferrari, D. Ristic, C. Wyman, H. Stark, J. Kilmartin,

53



E. Salmon, and A. Musacchio. 2005. Architecture of the human ndc80-hecl complex,
a critical constituent of the outer kinetochore. The Journal of biological chemistry.
280:29088-29095.

Ciferri, C., S. Pasqualato, E. Screpanti, G. Varetti, S. Santaguida, G. Dos Reis, A. Maiolica,
J. Polka, J. De Luca, P. De Wulf, M. Salek, J. Rappsilber, C. Moores, E. Salmon, and
A. Musacchio. 2008. Implications for kinetochore-microtubule attachment from the
structure of an engineered Ndc80 complex. Cell. 133:427-439.

Delic, M., D. Mattanovich, and B. Gasser. 2013. Repressible promoters - a novel tool to
generate conditional mutants in Pichia pastoris. Microbial cell factories. 12:6.
Draviam, V.M., S. Xie, and P.K. Sorger. 2004. Chromosome segregation and genomic

stability. Current opinion in genetics & development. 14:120-125.

Dunkler, A., and J. Wendland. 2007. Use of MET3 promoters for regulated gene expression
in Ashbya gossypii. Current genetics. 52:1-10.

Enquist-Newman, M., I. Cheeseman, D. Van Goor, D. Drubin, P. Meluh, and G. Barnes.
2001. Dad1p, third component of the Duolp/Dam1p complex involved in kinetochore
function and mitotic spindle integrity. Molecular biology of the cell. 12:2601-2613.

Foley, E., and T. Kapoor. 2013. Microtubule attachment and spindle assembly checkpoint
signalling at the kinetochore. Nature reviews. Molecular cell biology. 14:25-37.

Foltz, D., L. Jansen, B. Black, A. Bailey, J. Yates, and D. Cleveland. 2006. The human
CENP-A centromeric nucleosome-associated complex. Nature cell biology. 8:458-
469.

Gao, Q., T. Courtheoux, Y. Gachet, S. Tournier, and X. He. 2010. A non-ring-like form of
the Dam1 complex modulates microtubule dynamics in fission yeast. Proceedings of
the National Academy of Sciences of the United States of America. 107:13330-13335.

Gascoigne, K., K. Takeuchi, A. Suzuki, T. Hori, T. Fukagawa, and I. Cheeseman. 2011.
Induced ectopic kinetochore assembly bypasses the requirement for CENP-A
nucleosomes. Cell. 145:410-422.

Grishchuk, E., A. Efremov, V. Volkov, I. Spiridonov, N. Gudimchuk, S. Westermann, D.
Drubin, G. Barnes, J. Mcintosh, and F. Ataullakhanov. 2008. The Dam1 ring binds
microtubules strongly enough to be a processive as well as energy-efficient coupler
for chromosome motion. Proceedings of the National Academy of Sciences of the
United States of America. 105:15423-15428.

Guimaraes, G.J., and J.G. Deluca. 2009. Connecting with Ska, a key complex at the
kinetochore-microtubule interface. EMBO J. 28:1375-1377.

54



Hofmann, C., I. Cheeseman, B. Goode, K. McDonald, G. Barnes, and D. Drubin. 1998.
Saccharomyces cerevisiae Duolp and Damlp, novel proteins involved in mitotic
spindle function. The Journal of cell biology. 143:1029-1040.

Hori, T., and T. Fukagawa. 2012. Establishment of the vertebrate kinetochores. Chromosome
research : an international journal on the molecular, supramolecular and
evolutionary aspects of chromosome biology. 20:547-561.

Jallepalli, P.V., and C. Lengauer. 2001. Chromosome segregation and cancer: cutting through
the mystery. Nature reviews. Cancer. 1:109-117.

Janke, C., J. Ortiz, T. Tanaka, J. Lechner, and E. Schiebel. 2002. Four new subunits of the
Dam1-Duol complex reveal novel functions in sister kinetochore biorientation. The
EMBO journal. 21:181-193.

Jeyaprakash, A., A. Santamaria, U. Jayachandran, Y. Chan, C. Benda, E. Nigg, and E. Conti.
2012. Structural and functional organization of the Ska complex, a key component of
the kinetochore-microtubule interface. Molecular cell. 46:274-286.

Joglekar, A., D. Bouck, K. Finley, X. Liu, Y. Wan, J. Berman, X. He, E. Salmon, and K.
Bloom. 2008. Molecular architecture of the kinetochore-microtubule attachment site
is conserved between point and regional centromeres. The Journal of cell biology.
181:587-594.

Joglekar, A., D. Bouck, J. Molk, K. Bloom, and E. Salmon. 2006. Molecular architecture of a
kinetochore-microtubule attachment site. Nature cell biology. 8:581-585.

Kline, S., I. Cheeseman, T. Hori, T. Fukagawa, and A. Desai. 2006. The human Mis12
complex is required for kinetochore assembly and proper chromosome segregation.
The Journal of cell biology. 173:9-17.

Koshland, D., T. Mitchison, and M. Kirschner. 1988. Polewards chromosome movement
driven by microtubule depolymerization in vitro. Nature. 331:499-504.

Kothavade, R., M. Kura, A. Valand, and M. Panthaki. 2010. Candida tropicalis: its
prevalence, pathogenicity and increasing resistance to fluconazole. Journal of medical
microbiology. 59:873-880.

Kozubowski, L., V. Yadav, G. Chatterjee, S. Sridhar, M. Yamaguchi, S. Kawamoto, I. Bose,
J. Heitman, and K. Sanyal. 2013. Ordered kinetochore assembly in the human-
pathogenic basidiomycetous yeast Cryptococcus neoformans. mBio. 4:13.

Lampert, F., P. Hornung, and S. Westermann. 2010. The Dam1 complex confers microtubule
plus end-tracking activity to the Ndc80 kinetochore complex. The Journal of cell
biology. 189:641-649.

55



Lara-Gonzalez, P., F.G. Westhorpe, and S.S. Taylor. 2012. The spindle assembly checkpoint.
Current biology : CB. 22:R966-980.

Lechner, J., and J. Carbon. 1991. A 240 kd multisubunit protein complex, CBF3, is a major
component of the budding yeast centromere. Cell. 64:717-725.

Li, J.-m., Y. Li, and S. Elledge. 2005. Genetic analysis of the kinetochore DASH complex
reveals an antagonistic relationship with the ras/protein kinase A pathway and a novel
subunit required for Ask1 association. Molecular and cellular biology. 25:767-778.

Li, Y., J. Bachant, A. Alcasabas, Y. Wang, J. Qin, and S. Elledge. 2002. The mitotic spindle
is required for loading of the DASH complex onto the Kkinetochore. Genes &
development. 16:183-197.

Lima-de-Faria, A. 1949. Genetics, origin and evolution of kinetochores. Hereditas. 35:422-
444,

Liu, X., I. McLeod, S. Anderson, J. Yates, and X. He. 2005. Molecular analysis of
kinetochore architecture in fission yeast. The EMBO journal. 24:2919-2930.

Mao, X., Y. Hu, C. Liang, and C. Lu. 2002. MET3 promoter: a tightly regulated promoter
and its application in construction of conditional lethal strain. Current microbiology.
45:37-40.

Marzluf, G. 1997. Molecular genetics of sulfur assimilation in filamentous fungi and yeast.
Annual review of microbiology. 51:73-96.

Maskell, D., X.-W. Hu, and M. Singleton. 2010. Molecular architecture and assembly of the
yeast kinetochore MIND complex. The Journal of cell biology. 190:823-834.

Maure, J.-F., S. Komoto, Y. Oku, A. Mino, S. Pasqualato, K. Natsume, L. Clayton, A.
Musacchio, and T. Tanaka. 2011. The Ndc80 loop region facilitates formation of
kinetochore attachment to the dynamic microtubule plus end. Current biology : CB.
21:207-213.

McAinsh, A., and P. Meraldi. 2011. The CCAN complex: linking centromere specification to
control of kinetochore-microtubule dynamics. Seminars in cell & developmental
biology. 22:946-952.

Mendiburo, M., J. Padeken, S. Fll6p, A. Schepers, and P. Heun. 2011. Drosophila CENH3 is
sufficient for centromere formation. Science (New York, N.Y.). 334:686-690.

Meraldi, P., A.D. McAinsh, E. Rheinbay, and P.K. Sorger. 2006. Phylogenetic and structural
analysis of centromeric DNA and kinetochore proteins. Genome biology. 7:R23.

Miranda, J., P. De Wulf, P. Sorger, and S. Harrison. 2005. The yeast DASH complex forms

closed rings on microtubules. Nature structural & molecular biology. 12:138-143.

56



Nilsson, J. 2012. Looping in on Ndc80 - how does a protein loop at the kinetochore control
chromosome segregation? BioEssays : news and reviews in molecular, cellular and
developmental biology. 34:1070-1077.

Nishino, T., F. Rago, T. Hori, K. Tomii, I. Cheeseman, and T. Fukagawa. 2013. CENP-T
provides a structural platform for outer kinetochore assembly. The EMBO journal.
32:424-436.

Padmanabhan, S., J. Thakur, R. Siddharthan, and K. Sanyal. 2008. Rapid evolution of Cse4p-
rich centromeric DNA sequences in closely related pathogenic yeasts, Candida
albicans and Candida dubliniensis. Proceedings of the National Academy of Sciences
of the United States of America. 105:19797-19802.

Park, Y.-N., and J. Morschhduser. 2005. Tetracycline-inducible gene expression and gene
deletion in Candida albicans. Eukaryotic cell. 4:1328-1342,

Perpelescu, M., and T. Fukagawa. 2011. The ABCs of CENPs. Chromosoma. 120:425-446.

Petrovic, A., S. Pasqualato, P. Dube, V. Krenn, S. Santaguida, D. Cittaro, S. Monzani, L.
Massimiliano, J. Keller, A. Tarricone, A. Maiolica, H. Stark, and A. Musacchio. 2010.
The MIS12 complex is a protein interaction hub for outer kinetochore assembly. The
Journal of cell biology. 190:835-852.

Pfaller, M., D. Diekema, D. Gibbs, V. Newell, D. Ellis, V. Tullio, A. Rodloff, W. Fu, T.
Ling, and G. Global Antifungal Surveillance. 2010. Results from the ARTEMIS
DISK Global Antifungal Surveillance Study, 1997 to 2007: a 10.5-year analysis of
susceptibilities of Candida Species to fluconazole and voriconazole as determined by
CLSI standardized disk diffusion. Journal of clinical microbiology. 48:1366-1377.

Ramey, V., A. Wong, and J. Fang.... 2011. Subunit organization in the Dam1 kinetochore
complex and its ring around microtubules. ... biology of the ....

Roemer, T., B. Jiang, J. Davison, T. Ketela, K. Veillette, A. Breton, F. Tandia, A. Linteau, S.
Sillaots, C. Marta, N. Martel, S. Veronneau, S. Lemieux, S. Kauffman, J. Becker, R.
Storms, C. Boone, and H. Bussey. 2003. Large-scale essential gene identification in
Candida albicans and applications to antifungal drug discovery. Mol Microbiol.
50:167-181.

Roy, B., L. Burrack, M. Lone, J. Berman, and K. Sanyal. 2011. CaMtw1, a member of the
evolutionarily conserved Mis12 kinetochore protein family, is required for efficient
inner Kkinetochore assembly in the pathogenic yeast Candida albicans. Molecular
microbiology. 80:14-32.

Roy, B., and K. Sanyal. 2011. Diversity in requirement of genetic and epigenetic factors for

S7



centromere function in fungi. Eukaryotic cell. 10:1384-1395.

Roy, B., N. Varshney, V. Yadav, and K. Sanyal. 2013. The process of kinetochore assembly
in yeasts. FEMS microbiology letters. 338:107-117.

Santaguida, S., A. Tighe, A. D'Alise, S. Taylor, and A. Musacchio. 2010. Dissecting the role
of MPS1 in chromosome biorientation and the spindle checkpoint through the small
molecule inhibitor reversine. The Journal of cell biology. 190:73-87.

Sanyal, K., M. Baum, and J. Carbon. 2004. Centromeric DNA sequences in the pathogenic
yeast Candida albicans are all different and unique. Proceedings of the National
Academy of Sciences of the United States of America. 101:11374-11379.

Sanyal, K., and J. Carbon. 2002. The CENP-A homolog CaCse4p in the pathogenic yeast
Candida albicans is a centromere protein essential for chromosome transmission.
Proceedings of the National Academy of Sciences of the United States of America.
99:12969-12974.

Screpanti, E., A. De Antoni, G. Alushin, A. Petrovic, T. Melis, E. Nogales, and A.
Musacchio. 2011. Direct binding of Cenp-C to the Mis12 complex joins the inner and
outer kinetochore. Current biology : CB. 21:391-398.

Seervai, R., S. Jones, M. Hirakawa, A. Porman, and R. Bennett. 2013. Parasexuality and
ploidy change in Candida tropicalis. Eukaryotic cell. 12:1629-1640.

Silva, S., M. Negri, M. Henriques, R. Oliveira, D. Williams, and J. Azeredo. 2012. Candida
glabrata, Candida parapsilosis and Candida tropicalis: biology, epidemiology,
pathogenicity and antifungal resistance. FEMS microbiology reviews. 36:288-305.

Takeuchi, K., and T. Fukagawa. 2012. Molecular architecture of vertebrate kinetochores.
Experimental cell research. 318:1367-1374.

Tang, N., and T. Toda. 2013. Ndc80 Loop as a protein-protein interaction motif. Cell
division. 8:2.

Thakur, J., and K. Sanyal. 2011. The essentiality of the fungus-specific Daml complex is
correlated with a one-kinetochore-one-microtubule interaction present throughout the
cell cycle, independent of the nature of a centromere. Eukaryotic cell. 10:1295-1305.

Thakur, J., and K. Sanyal. 2012. A coordinated interdependent protein circuitry stabilizes the
kinetochore ensemble to protect CENP-A in the human pathogenic yeast Candida
albicans. PLoS genetics. 8.

Tien, J., N. Umbreit, D. Gestaut, A. Franck, J. Cooper, L. Wordeman, T. Gonen, C. Asbury,
and T. Davis. 2010. Cooperation of the Dam1l and Ndc80 kinetochore complexes

enhances microtubule coupling and is regulated by aurora B. The Journal of cell

58



biology. 189:713-723.

Varma, D., and E. Salmon. 2012. The KMN protein network--chief conductors of the
kinetochore orchestra. Journal of cell science. 125:5927-5936.

Welburn, J.P., E.L. Grishchuk, C.B. Backer, E.M. Wilson-Kubalek, J.R. Yates, 3rd, and .M.
Cheeseman. 2009. The human kinetochore Skal complex facilitates microtubule
depolymerization-coupled motility. Developmental cell. 16:374-385.

Westermann, S., A. Avila-Sakar, H.-W. Wang, H. Niederstrasser, J. Wong, D. Drubin, E.
Nogales, and G. Barnes. 2005. Formation of a dynamic kinetochore- microtubule
interface through assembly of the Dam1 ring complex. Molecular cell. 17:277-290.

Westermann, S., I. Cheeseman, S. Anderson, J. Yates, D. Drubin, and G. Barnes. 2003.
Architecture of the budding yeast kinetochore reveals a conserved molecular core.
The Journal of cell biology. 163:215-222.

Westermann, S., D. Drubin, and G. Barnes. 2007. Structures and functions of yeast
kinetochore complexes. Annual review of biochemistry. 76:563-591.

Westermann, S., H.-W. Wang, A. Avila-Sakar, D. Drubin, E. Nogales, and G. Barnes. 2006.
The Daml kinetochore ring complex moves processively on depolymerizing
microtubule ends. Nature. 440:565-569.

Wingard, J., J. Dick, W. Merz, G. Sandford, R. Saral, and W. Burns. 1980. Pathogenicity of
Candida tropicalis and Candida albicans after gastrointestinal inoculation in mice.
Infection and immunity. 29:808-813.

Zhang, G., C. Kelstrup, X.-W. Hu, M. Kaas Hansen, M. Singleton, J. Olsen, and J. Nilsson.
2012. The Ndc80 internal loop is required for recruitment of the Ska complex to
establish end-on microtubule attachment to kinetochores. Journal of cell science.
125:3243-3253.

59



	RaaM-MS thesis cover
	RaaM-MS Thesis for print

