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CHAPTER 1 INTRODUCTION

Cells are the basic unit of life. Coordination of cellular activity is essential for the survival of
an organism. In order to carry out various metabolic processes efficiently, cells
compartmentalize the space within them. Biomolecules are known to cluster in defined
territories within the simplest of bacterial cell too (Yeates et al., 2008; Cheng et al., 2008).
However, unlike prokaryotes, eukaryotic cells have an organized endomembrane system that
results in well-defined organelles (Cohen et al., 2018). This compartmentalization ensures that
the metabolic processes are spatially separated within membrane-bound organelles (Figl). The
major organelles present in a eukaryote system are the nucleus, mitochondria, endoplasmic
reticulum (ER), Golgi, chloroplast (only in plants) and lysosomes (vacuole in plants and fungi).
The form and function of every organelle are interdependent. Maintenance of organelle
architecture is essential to execute biological processes in a regulated and coordinated fashion.
The function of an organelle in a cell is linked to its structure and overall organisation of its
sub-compartments. Improper spatial placement and altered levels of essential skeletal proteins

affect not only the normal geometry, but often even the function, of an organelle.

Figl. Intracellular landscape of a typical eukaryotic cell.

This cartoon represents various cellular organelles. Each organelle has a distinct morphologys, is
strategically placed within the cell and contacts other organelles physically. N-nucleus, ER-
endoplasmic reticulum, nER- perinuclear ER, cER- cytoplasmic ER, pER- peripheral/cortical ER,
LD- lipid droplets, M-mitochondria, V/L- Vacuole/Lysosome PM- Plasma membrane
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Changes in the shape of an organelle can have functional consequences (Fig2). Altered
morphology affects inter and intra-organellar interactions, physical properties of the organelle,
and their movement and relative positioning (Fig2, black arrows). Reversibly, perturbed
protein interactions, membrane properties and restricted movement can also manifest as

architectural and geometric alterations (Fig2, blue arrows).

Shape changes

— T

Interactions Movement

Fig2. Co-dependency between form and function of an organelle

1.1 NUCLEAR ORGANISATION

Nucleus is one of the most prominent organelles in a eukaryotic cell. Spatial organization of
nucleus into various sub-compartments within the double membrane bilayer is one of the
salient features of eukaryotes. The genome is organized within the nucleus in a non-random
fashion resulting in the formation of discrete nuclear bodies associated with a specific function
(Bortle and Corces, 2012). Chromosome ends (telomeres) are usually clustered and anchored
at the NE in yeast. The nucleolus is the site of regulation for transcription of rRNA genes and
assembly if ribosome subunits (Thiry and Lafontaine, 2005). The inner nuclear membrane
(INM), acts as a site of regulation for various nuclear processes including transcription, mnRNA
export and DNA repair. Several INM associated proteins also provide structural support to the
nucleus (Katta et al., 2014; Mekhail and Moazed, 2010). Of the various INM proteins, lamins
are one of the most well studied and notable class of structural proteins. Lamins are
intermediate filament class of cytoskeletal proteins that form a network beneath the INM and
provide mechanical support to the nucleus (Dittmer and Misteli, 2011). Besides, they are
involved in a multitude of nuclear functions such as supporting the nuclear structure, regulating
genome organisation, DNA repair and transcription regulation, and nuclear mechanics (Dechat
et al.,, 2010). While lower metazoans and plants have conserved lamin-like protein, the

homologs of lamins have not been reported in yeast and other fungi (Deolal and Mishra, 2021).
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The outer nuclear membrane (ONM) is continuous with the ER which extends up to the cell
periphery in yeast (Figl). The selective exchange of macromolecules between nucleus and
cytoplasm occurs through the macro-molecular assemblies called the nuclear pore complexes
(NPCs). NPCs are embedded in the NE where the inner and outer nuclear membrane fuse.
Nuclear function is associated with changes in its morphology, which is in turn responsive to
cellular processes such as growth, development, aging and movement. Conversely, functional
defects in the proteins of the nuclear matrix and INM are associated with aberrations in nuclear
organization (Méndez-16pez and Worman, 2012; Rempel et al., 2019), and lamins (Lattanzi et
al., 2016). Of the various internal and external factors that determine nuclear shape, studies
have reported the roles of genome size and ploidy, functional requirements of the cell, lifespan,
chemical environment and signalling (Bahmanyar and Schlieker, 2020; Deolal and Mishra,

2021; Cantwell and Dey, 2021)

1.2 DIVERSE NUCLEAR SHAPES AND THEIR SIGNIFICANCE

Nuclei are often represented as spherical/round organelles. However, deviations from this
morphology are seen across the eukaryotic supergroups (Fig3). Shapes as diverse as ovoid,
lobed or condensed nuclei are seen in mammalian cells (reviewed by Skinner and Johnson,
2017). For instance, the nuclei of granulocytes and monocyte lineage of the mammalian
immune system are multi-lobed or kidney-bean shaped while lymphocytes have a spherical,
round nuclei (Theera-Umpon and Dhompongsa, 2007; Manley et al., 2018). Heterophils, the
equivalent of neutrophils in birds, show species-specific differences in the presence or absence
of nuclear lobes (Blofield et al., 1992). Lobed nuclei have their genetic material packaged in
more than one sphere-like organisation giving the NE a lobulated appearance (Leitch, 2000).
Multiple lobes are often connected with a thin chromatin-containing filamentous structure.
Spermatozoa also exhibit wide variations in nuclear shapes in animals (Gu et al., 2019). The
highly condensed sperm nucleus has asymmetric shapes depending on the shape of the sperm
head since the nucleus occupies most of the sperm head. Most mammalian sperms including
those of whales and dolphins have oval or paddle-shaped nuclei whereas birds display either
tubular or worm-like nuclei (Miller et al., 2002; Santiago-Moreno et al., 2016; Gu et al., 2019).
Plants too exhibit a tissue-specific diversity of nuclear shapes (reviewed by Meier et al., 2016).
Spindle-shaped nuclei are seen in differentiated root epidermal and cortical cells (Chytilova et

al., 1999). Meristematic and vascular tissues have spherical and rod like nuclear shapes,
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respectively (Dittmer et al., 2007). Nuclei may have grooved surfaces, as in epidermal cells in
onion and invaginations of NE produce lobed nuclei (Collings et al., 2000). In many instances,
nuclei of circulating cells such as neutrophils are either lobed (neutrophils) or spindle shaped

(fibrocytes) (Barzilai et al., 2017).

Though a nucleus typically holds a firm shape, the shape can change in response to internal
and external stimuli. Nuclear shape normally changes during periods of cell division,
migration, development and apoptosis. In cells undergoing open mitosis, the NE disassembles
into vesicles and chromosomes are released into the cytoplasm for the duration of M-phase. In
cells undergoing closed mitosis, the generally spherical/oval nucleus is stretched into various
shapes until it finally splits into two spherical/oval nuclei (Wang et al., 2016). Shifting budding
yeast cells to a less preferred carbon source also results in reduced circularity (Wang et al.,
2016). Migration of mammalian cells through confined spaces affects the geometry of the
entire cell and its organelles, including the nucleus (Chen et al., 2015; Makhija et al., 2016;
Hobson et al., 2020). Nuclear morphology may change during physiological states like nuclear
division, nuclear fusion during mating, development, differentiation, and cell migration
(Deolal and Mishra, 2021). For instance, the round nuclei of budding yeast become dumbbell
or spindle-shaped as they transition from S phase to G2 (Wang et al., 2016). During the plant
root development, cellular elongation is accompanied by elongation of nuclei (Ketelaar et al.,
2002). In Drosophila, the change of spherical to elliptical nuclear shape is critical during the
cellularization stage, wherein asynchronous cytokinesis in the syncytial blastoderm leads to
formation of uninucleate cells (Brandt et al., 2006). Thus, it appears that maintenance of cell-

type specific nuclear morphology is highly regulated.

d,b @d

Fig3. Diverse nuclear morphologies associated with various physiological and
pathological conditions
A graphical representation of the various kinds of nuclear morphologies (magenta) is shown. Such
nuclei are referred to as: a- bilobed, b-blebbed, c-distorted, d-invaginated, e-quasi-round, f-flared, g-
elongated, h-round, spherical
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Alterations in nuclear shape are correlated with progression of essential processes like DNA
repair, signalling, cell health and homeostasis; however, it is not clear whether distortion of
nuclear shape is a cause or consequence of a change in the physiological status of a cell. NE
protrusions that result in compartmentalization of the nucleus can give a lobular appearance to
the nucleus (Taimen et al., 2009). Lobed nuclei are generally fragile and aid in mobility of the
cells during processes like cell metastasis or differentiation (Manley et al., 2018). Evagination
or excessive outward growth of either INM or ONM or both can result in a bleb like nuclear
growth. The size and origin of such NE out growth or herniation can depend on various factors
(Thaller and Patrick Lusk, 2018). Blebs are also often associated with regions of NE deficient
in lamins and therefore prone to rupture. NE can show invaginations, with membrane
projecting inwards. Such structures are also termed ‘nucleoplasmic reticulum’ and can
originate either at the INM or cytosol. In plants, placental cells in Lilium ovaries have
infoldings of INM continuous with the ER lumen, while onion epidermis and tobacco
invaginations originate in the cytoplasm (Collings et al., 2000). An imbalance of forces along
the nuclear axes can cause elongation of a quasi-round nuclei (MESEROLL and Cohen-Fix,
2016). Similarly, lack of factors that maintain a normally elongated nuclei can result in
rounding of the nucleus. Sometimes, the nucleus can get abnormally shaped without falling

into these defined deformities and form ‘tail-like’ membrane extensions or distorted NE (Fig3).

There is growing evidence of association between abnormal nuclear morphology, sub-nuclear
organization defects and several human diseases. Loss-of-function mutations in nuclear
proteins such as lamins, MANI, Nesprin-1, Emerin and Torsinl results in diseases
characterized by abnormal nuclear morphology. These diseases, broadly referred to as nuclear
envelopathies, include osteopoikilosis, sclerosing bone dysplasias, cerebellar ataxia, X-linked
Emery-Dreifuss muscular dystrophy and DYT1 dystonia (Worman et al., 2010; Janin et al.,
2017). Altered nuclear morphology associated with viral infection has been used as a diagnostic
measure. For example, flower-like lobulated nuclei are used to diagnose adult T-cell leukemia
caused by human T-cell leukemia virus type 1 (Matsuoka, 2005). HIV infection of terminally
differentiated macrophages produces nuclear herniations that are induced by the HIV-1 Vpr
protein (De Noronha et al., 2001). Nuclear dysmorphia and lobulation is also seen in various
cancers such as lung and adenocarcinomas (Tolksdorf et al., 1980; reviewed in Zink et al.,
2004). Nuclear blebs have also been reported in macrophages infected with Mycobacterium
tuberculosis (Castro-Garza et al., 2018). Atypical nuclear shape is also observed in other

pathological conditions, such as striated muscle laminopathies, Hutchinson-Gilford Progeria
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Syndrome and mandibulofacial dysplasia (Tolksdorf et al., 1980; Goldman et al., 2004; Filesi
et al., 2005; Alvarado-Kristensson and Rossello, 2019). Patients of Hutchinson-Gilford
Progeria Syndrome and mandibuloacral dysplasia show cells with aberrant nuclear
morphology (Goldman et al., 2004; Filesi et al., 2005). Aberrant distribution of NPCs as a
result of shape abnormalities has also been implicated in several human pathologies, including
autoimmune diseases, viral infections, cardiomyopathies and various cancers (Capelson and
Hetzer, 2009; Patel et al., 2015). These observations highlight the potential of nuclear
morphology to affect multiple processes in the cell and reflect its disease status in some cases.
Understanding signals which regulate the nuclear shape under normal conditions holds the
potential to provide clues for deciphering mechanisms that deform and reshape the nucleus

under physiological and pathological conditions.

1.3 INTERDEPENDENCE OF NE MORPHOLOGY AND NPC
DISTRIBUTION

The transport of macromolecules between nucleoplasm and cytoplasm takes place through the
massive protein assemblies called NPCs (Fig4). Proteins that are part of NPCs vary greatly in
their size, structure and other bio-physical properties (Kabachinski and Schwartz, 2015). All
these constituent proteins are referred to as nucleoporins or nups. The overall NPC structure is
conserved across eukaryotes, and there are a core set of constituent conserved proteins
(Belgareh et al., 2001; Mansfeld et al., 2006; Rasala et al., 2006). However, there are species
specific additions and loss of protein components as well suggesting a tremendous amount of
plasticity within this conserved structure (Chopra et al., 2019). The NPCs in yeast are made
up of ~30 different nups which are assigned to various classes primarily depending on their
relative position in the entire complex (Rout et al., 2000). The scaffold nups are the ones that
nucleate the NPC assembly and hold the entire complex in place resulting in a cylindrical core.
These are also called membrane nups due to the presence of trans-membrane domains in their
structure that allows the anchoring of these proteins to the membrane at the pore. The inner
and the outer ring nups decorate the diameter of the channel. The phenylalanine glycine (FG)
repeat containing nups are present along the inner side of the channel and are key regulators of
the direction and flux of transport. The entire NPC structure is stabilised by a combination of
interaction of certain filament nups with the cytoskeletal components and membrane proteins

(Krull et al., 2004).
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1. Nup159, Nup42
2. Nic96, Nup82, Nup133, Nup84, Nup85
3. Nup188, Nup170, Nup157

4. Nup116, Nup100, Nsp1, Nup49

5. Pom152, Pom34, Ndc1

Nucleoplasm

6. NUCLEAR BASKET 6. Nup60, Nup1, Nup2, Mip1, MIp2

Fig4. Graphical representation of yeast NPC
Various subunits of yeast NPC and some of their constituents are shown here.

NPC assembly

NPCs are inserted into the NE at the site of inner and outer nuclear membrane fusion (Dawson
et al., 2009). Previous studies have reported an intricate dependence of nuclear shape and NE
dynamics on the distribution of NPCs (Schneiter and Cole, 2010). Mutants that have aberrant
NPC distribution are often accompanied by nuclear shape abnormalities. In yeast, several
integral ER proteins such as Brr6, Brll, Apql2 and reticulons-Rtnl, Yopl are important for
the formation and stabilisation of membrane curvature at this site of pore formation. The
current understanding is that the biogenesis of NPC begins when nups with amphipathic helices
and membrane binding properties begin to associate with the pore membrane (Marelli et al.,
2001; Zhang et al., 2021). This nucleates the process of NPC assembly. The exact sequence of
events governing the assembly of NPCs has not been deciphered yet. Several possible pathways
and mechanisms have been proposed by various groups trying to understand the principles
governing initiation of assembly, site selection, recruitment of nups and their turnover. Based
on the available literature, there are two distinct mechanisms operating in higher eukaryotes
(Doucet et al., 2010; Otsuka and Ellenberg, 2018). Metazoans undergo open mitosis. The
nuclear envelope, which begins to disassemble during prophase, is re-assembled after the two
daughter nuclei are separated. When the nuclear envelope begins to disassemble, the peripheral
NUPs are the first ones to dissociate from the NPC. The remaining skeleton which has members

of the inner ring, FG and transmembrane Nups stays attached to the ER membrane. This
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facilitates quick resealing of nuclear envelope and assembly of NPCs at the pores post mitosis
(Knockenhauer et al., 2016). The interaction between various proteins in this entire process is
largely dependent on their phosphorylation state (De Noronha et al., 2001). Cyclin/CDK
complexes regulate the key members of this signalling cascade (Maeshima et al., 2010). NPC
disassociation is accompanied by lamin depolymerization (De Noronha et al., 2001). In vitro
studies that use assembled nuclei have identified formation of a Y shaped structure of Nup107-
160 and ELYS components (Franz et al., 2007; Rasala et al., 2008). This is followed by
recruitment of membrane associated nups. This pre-pore then serves as the nucleating centre
for recruitment of other nups such as inner ring and nuclear basket proteins. This post mitotic
assembly is thought to be driven primarily by RanGTP promoted ELYS localization to the
chromatin (Rasala et al., 2008).

In contrast to the assembly of NPCs following mitosis, the number of pores grow continuously
on the nuclear membrane during the interphase (Maeshima et al., 2011). This interphase
assembly requires fusion of the double membrane bilayer and the insertion of a NPC takes
about one hour to completion unlike the post mitotic assembly that requires around ten min
only (Doucet et al., 2010; Otsuka and Ellenberg, 2018). Since yeast undergoes closed mitosis,
the mechanism of NPC assembly is similar to the interphase assembly in mammalian cells. The
density of NPCs on the nuclear envelope increases continuously during the growth. An inside-
out mechanism of NPC growth has been proposed by Otsuka, S. et al (2016). According to this
mechanism, the nucleation begins on the INM and the pre-pore grows out towards the ONM
like a mushroom, followed by fusion of the two membranes. Immediately after the membrane
fusion, the pre pore undergoes rapid rearrangement to form the mature NPC with an eight-fold

structural symmetry.

Association between NE morphology and NPC distribution

Proteins with membrane deforming and curvature sensing abilities are shown to be important
for initiating the assembly of NPC(Lone et al., 2015). Examples of such proteins include
members of reticulon and DP1/Yop1 family proteins (Dawson et al., 2009). The inner nuclear
membrane protein Sunl is also found to be important for this in U20S cells (Talamas and
Hetzer, 2011). A study which examined the organization of NPCs in some of the chromatin
remodelling mutants also reported changes in shape of budding yeast nucleus (Titus et al.,

2010). The mutants had abnormal NE morphology as well as mislocalization of NPCs.
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Interestingly, addition of benzyl alcohol, an agent that increases membrane fluidity, restores
the nuclear shape in these mutants, indicating mechanical reasons behind the shape changes
(Titus et al., 2010). In addition, members of the membrane remodelling machinery-
the endosomal sorting complex required for transport (ESCRT), have also been shown to play
a role in proper NPC assembly in yeast (Scourfield and Martin-Serrano, 2017; Gu et al., 2017;
Koch et al., 2020). Genetic analysis reveals that there is epistatic interaction between ESCRT
members and proteins involved in NPC biogenesis (Frost et al., 2012; Webster et al., 2014). In
yeast, ESCRT-III component-Chm?7, is shown to be important for maintenance of pore
homeostasis and quality control by removal of misassembled NPC subcomplexes (Webster et
al., 2014, 2016; Koch et al., 2020). Chm?7, along with INM proteins -Heh1/Heh2, and ESCRT-
IIT associated protein- Vps4, is necessary for sequestration of nups away from the NE (Webster
et al., 2016; Koch et al., 2020). While a direct participation of ESCRTs in pore stability or
biogenesis is not reported in higher eukaryotes, downregulation of ESCRT components is
characterized by deformed nuclei and aberrant membrane proliferation (Arii et al., 2018;
Olmos et al., 2015). Cell cycle delay and aberrant NPC distribution are other accompanying
defects reported upon depletion of ESCRT-III subunits in humans (Carlton et al., 2012).

The de novo assembly of an NPC requires INM and ONM fusion and as such the process is
inextricably linked to the NE architecture (Maeshima et al., 2006; Fernandez-Martinez and
Rout, 2009; De Magistris and Antonin, 2018). Nups with membrane binding regions play
crucial roles in insertion and stabilization of NPC at the site of pore formation. ScNupl and
ScNup60 support the INM via their amphipathic domains; overexpression of these nups
induces membrane curvature and distortions in the NE (Mészaros et al., 2015). The membrane
binding regions of nucleoporins (Nup133, Nup53, Pom121, gp210) contribute significantly to
the NE stability (Kim et al., 2014). Upon silencing of a transmembrane protein gp210 in HeLa
cells, along with clustered NPCs, aberrant nuclear membrane structures are observed (Cohen
et al., 2003). Another vertebrate transmembrane nup, Pom121, also contributes to nuclear
membrane stabilization and assembly of functional NPCs by regulating the spacing between
INM and ONM during fusion to nucleate NPC assembly (Antonin et al., 2005; Yavuz et al.,
2010).

The distortion of nuclear shape observed in overexpression, complete loss or downregulation
of nups further underscores the importance of NPCs in nuclear shape maintenance. For

instance, depletion of ELYS/Mel28, a nucleoporin essential for post-mitotic NPC assembly,

22



results in aberrant distribution of lamin A/C and other INM proteins in HeLa cells (Clever et
al., 2012). Similarly, reduced expression of Nup153 in HeLa cells results in nuclear membrane
invaginations and lobulation, and punctate lamin A/C distribution (Zhou and Panté, 2010).
Depletion of Nup53 or Nup93 in HeLa cells also results in abnormally shaped nuclei albeit
without affecting lamin distribution along the NE (Hawryluk-Gara et al., 2005). Budding yeast
cells lacking nups or with other defects in NPC assembly show herniations of the NE (Wente
and Blobel, 1990; Titus et al., 2010; Webster et al., 2014). The overexpression of Nup53 in S.
cerevisiae leads to formation of intranuclear double-membrane lamella, which is lined beneath
the INM (Marelli et al., 2001). In Arabidopsis, cells lacking the nucleoporin Nup136 show
spherical instead of normal ellipsoid nuclei (Tamura et al., 2010); these mutants have a shorter
major axis length compared to the elongated nuclei of wild type. Plant cells that overexpress
Nup136 display extremely elongated nuclear structures instead (Tamura and Hara-Nishimura,
2011). This shows that levels of Nup136 are critical for regulation of nuclear morphology in

Arabidopsis.

While it remains to be resolved if these distortions are a primary outcome of subunit depletion,
it is also possible that the nuclear shape changes are a secondary consequence of the effect of
altered complex stoichiometry on nuclear size and the interaction of members with other

structural determinants.

NPC stability and cellular health

Deterioration of NE integrity and NPC function is concomitant with the increasing organismal
age and decline of cellular health (Capelson and Hetzer, 2009; Robijns et al., 2018). NPCs are
the sole conduits of regulated nucleo-cytoplasmic transport. Mis-localization and altered
stoichiometry of nucleoporins has been linked to aging and clinical pathologies (D’Angelo et
al., 2009; Lord et al., 2015). Malfunctional NPCs are implicated in pathology of multiple
neurodegenerative and cardiovascular diseases (Capelson and Hetzer, 2009). Nuclear
inclusions have been reported in neurological disorders and dystonia (Woulfe, 2007).
Regulation of starvation and aging induced nucleoporin turnover is also of particular interest
in the field of neurodegenerative diseases (Sakuma and D’Angelo, 2017; Rempel et al., 2019;
Lord et al., 2015). The protein constituents of NPCs, which are among the longest-lived protein
complexes of the cell, undergo turnover (Daigle et al., 2001; Fernandez-Martinez and Rout,

2009; Toyama et al., 2013). While the scaffold nucleoporins are more stable, cytoplasmic and
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FG nups are turned over more rapidly in metazoans and yeast (Daigle et al., 2001; Toyama et
al., 2019; Rempel et al., 2019, 2020). Dysfunctional NPCs are associated with cellular aging
and loss of proteostasis (Martins et al., 2020). Recent work has contributed to our
understanding of how NE integrity and NPC turnover is regulated under specific conditions
such as either nitrogen or carbon starvation (Tomioka et al., 2020; Lee et al., 2020). This

response is important for coordinating overall stability and function of NPCs.

The megadalton NPCs have several sub-components. Various nuclear and non-nuclear
components are important in regulating the assembly, turnover and function of NPCs.
Defective assembly of NPC intermediates and dysregulation of nuclear quality control pathway
results in abnormal nuclear shape (Wente and Blobel, 1993; John J. Scarcelli et al., 2007,
Webster et al., 2016). NE extension or herniations have been observed in yeast as a result of
such failed nuclear protein quality control pathways (Wente and Blobel, 1993; Webster et al.,
2016). When the surveillance machinery fails to optimally monitor the early steps of NPC
assembly, nups mislocalize and are stored in cytoplasm along with members of the ESCRT
machinery (Webster et al., 2016). Cells showing aberrant cytosolic nups also have
accompanying growth defects. Yeast mutants that have nuclear morphology and NPC assembly
defect, such as nupl16A, display strong exacerbated phenotype when combined with loss of
nuclear components involved in NPC surveillance machinery such as Heh1, Heh2 and Chm?7.
The ONM is known to share several proteins with the ER. Many such ER proteins also
contribute to NPC biogenesis and assembly (Casey et al., 2015; Dawson et al., 2009; Scarcelli
et al.,, 2007; Lone et al., 2015). A non-essential integral membrane protein of the yeast ER-
Apql2, in concert with two proteins Brll and Brr6, is essential for NPC biogenesis (Lone et
al., 2015). These proteins are believed to act as local sensors and regulators of membrane
homeostasis thereby positively regulating NPC assembly. About 40% of the apq12A cells also
have cytosolic spots containing nups and these mutants are sensitive to reduced temperature
(Scarcelli et al., 2007). The presence of amphipathic helix in Apql2 is required for promoting
phosphatidic acid accumulation at the NE and regulating function of Brr6 and Brll (Zhang et
al., 2021). Suppressing expression of essential proteins of Brr6 and Brll, renders the cells
sensitive to increased membrane fluidity as encountered during increased growth temperatures
or addition of membrane fluidizing agents such as benzyl alcohol. Since Brr6 and Brll directly
interact with nups at the NE, this growth defect is proposed to be related to NE remodelling
and other membrane related functions, rather than via lipid homeostasis (Zhang et al., 2018).

Interestingly, lipid droplets (LDs) have recently been shown to act as reservoirs for nups

24



(Kumanski et al., 2021). This study identified several nups as part of the cytosolic LD

proteome. However, the exact function of this association remains elusive.

These studies underscore the importance of both, the components of the NE including, proteins
of the NE, NPC and components of other organelles like ER, LD in the regulation of the shape,

architecture and function of the nucleus.

1.4 SCOPE AND AIM OF THE CURRENT STUDY

Despite the knowledge of basic structural components of NE, a clear understanding of the
mechanisms that contribute towards the maintenance of shape of NE and integrity of the
associated complexes is lacking. To understand how the nuclear organization is achieved and
the nuclear architecture is maintained, it is important to know the key players and components
involved in the process. A genome-wide screen holds the potential to look for all the
components spread throughout the genome. The approach used in our lab involved screening
deletion mutants of all the non-essential genes in yeast for defects in localization of an inner
nuclear membrane protein and distribution of the nucleoporins on the nuclear envelope. Live
cell imaging was done using fluorescent tagged marker proteins. Yeast is easy to handle, non-
pathogenic, has a rapid growth cycle and is easy to manipulate genetically. The basic cellular
mechanisms and key players are conserved between yeast and higher eukaryotes. Importantly,
unlike metazoans it undergoes closed mitosis and the yeast nuclear membrane does not

disassemble during mitosis (Rout and Wente, 1994).

In order to identify novel components involved in maintaining nuclear morphology we initiated
a fluorescence microscopy-based genome-wide screen approach in budding yeast. Loss of
genes that reside in various non-nuclear spaces, have distorted nucleus suggesting that several
pathways and processes contribute to nuclear shape regulation and perturbing them can cause
nuclear shape distortions (Male et al., 2020; Deolal and Mishra, 2021). While some of the
candidates obtained could be mapped to known biological pathways, we also found several
uncharacterized genes. In this thesis one such uncharacterized protein, Uip4p, was studied for
its effect on the assembly and distribution of nuclear pore complexes. We show that Uip4
localizes predominantly to the NE/ER and loss of Uip4 results in dramatic mis-localization of
the NPCs. Furthermore, we also find that Uip4 expression is increased when the cells transition

to stationary phase of growth. In this work, we have investigated the role and regulation of
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Uip4 in Saccharomyces cerevisiae. This work opens up avenues for understanding multiple

ways in which cellular components can contribute towards maintenance of the nuclear shape,

integrity and thereby function.

1.5 SPECIFIC OBJECTIVES OF THE STUDY

The key goals of the study are as follows:

1.

a)
b)
c)
d)

a)
b)
c)
d)

a)
b)

To understand the role of Uip4 (Chapter 3 and 4)

Establish the role of Uip4 in maintenance of nuclear shape

Examine the effect of loss of UIP4 on the organization of nuclear complexes
Examine the localization of multiple nucleoporins in uip4A

Address how Uip4 affects localization and distribution of NPC

To understand the regulation of Uip4 in yeast (Chapter 5)

Identify domains and sequence features of Uip4
Determine the localization of Uip4

Analyse the expression of Uip4

Investigate the regulation of expression of Uip4

To identify the biological pathways where Uip4 functions (Chapter 6)

Identify novel physical interactors of Uip4
Analyse the pathways
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CHAPTER 2 MATERIALS AND METHODS

2.1 MOLECULAR BIOLOGY TECHNIQUES

Plasmid isolation from bacteria

Plasmid isolation from bacteria was done by Alkaline Lysis method. A single colony of
bacteria was inoculated in 3mL of LB broth containing appropriate antibiotic for selection. The
culture was allowed to grow overnight at 37°C with shaking at 220rpm. 2mL of culture was
harvested in an Eppendorf tube and cells were pelleted by spinning at 13000rpm for Imin.
Next, the media was decanted and the tube was inverted on a tissue to ensure excess liquid is
removed. 200ul of ice-cold Sol I was added to the pellet and the pellet was dissolved either by
pipetting or vortexing the tube for 5-10 sec at maximum speed. This was followed by addition
of 200ul of Sol II and gently inverting the tube to mix. 200ul of Sol III was added after this
and the contents were mixed by inverting the tube 4-5 times. After this the tube was placed
immediately in ice for Smin. Next, the tubes were spun at 13000 rpm for 10 min at 4°C. The
supernatant was collected and added to a fresh Eppendorf tube containing 420ul of
isopropanol. Mixing was done by inverting the tube 4-5 times. The DNA was precipitated by
spinning the tube at 13000 rpm for 10 min at room temperature. This was followed by washing
the pellet with 70% ethanol and air drying it to remove the residual alcohol. Finally, the plasmid
DNA was resuspended in 40ul of TE-RNase and incubated at 37°C for 30 min. The
concentration and purity of plasmid was checked either spectroscopically or by agarose gel

electrophoresis.

SolutionI  25mM Tris-Cl pH8.0
10mM EDTA pHS.0
Solution II  0.2%NaOH
0.2% SDS
Solution IIT 3M Potassium Acetate
11.5% Glacial Acetic Acid
TE-RNase  10mM Tris-Cl pH7.4, ImM EDTA pHS8.0, 0.1mg/mL RNase

Agarose gel electrophoresis
Agarose Gel 0.8% in 0.5X TAE buffer
TAE (1X) 40mM Tris
20mM Glacial Acetic Acid
ImM EDTA
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Genomic DNA isolation from yeast

A single colony of yeast was inoculated in SmL of YPD/SC and grown overnight. The cells
were harvested by centrifugation at 3000rpm for 5 min. The supernatant was discarded and
cells were resuspended in 500ul of breaking buffer. The cells suspension was transferred to a
2.0mL microfuge tube containing glass beads up to ~200ul mark. To this, 200ul of
Phenol:Chloroform:Isoamylalcohol (25:24:1) solution was added. The tubes were sealed with
parafilm tape and vortexed at high speed for 2 min. Next, 200ul of TE-pH8.0 was added to the
same tube and vortexed briefly for 15-20 sec at high speed. The tube was centrifuged at
13000rpm for 5 min and the top aqueous layer was transferred to a clean microfuge tube and
ImL of 100% ethanol was added to it. The contents were mixed by gently inverting the tube
and then centrifuged at 13000rpm for 5 min. The supernatant was discarded and DNA pellet
was allowed to air dry. The pellet was resuspended in 30-50ul of TE-RNase. The quality and

approximate concentration of DNA was assessed by agarose gel electrophoresis.

Breaking Buffer:

10mM Tris-Cl pHS8.0
ImM EDTA pHS.0
100mM NaCl

2% TritonX-100

1% SDS

Plasmid isolation from yeast

A single colony of yeast was inoculated in SmL of YPD/SC and grown overnight. The cells
were harvested by centrifugation at 3000rpm for 5 min. The supernatant was discarded and
cells were resuspended in 200ul of breaking buffer. The cells suspension was transferred to a
2.0mL microfuge tube containing glass beads up to ~200ul mark. To this, 200ul of
Phenol:Chloroform:Isoamylalcohol (25:24:1) solution was added. The tubes were sealed with
paraffin and vortexed at high speed for 2 min. The tube was centrifuged at 13000rpm for 10
min and the top aqueous layer was transferred to a clean microfuge tube and equal volume of
chilled 95% ethanol was added to it. The contents were mixed by gently inverting the tube and
then placed in -20°C for 30min. The DNA was precipitated by spinning the tube at 13000 rpm
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for 10 min at room temperature. This was followed by washing the pellet with 70% ethanol
and air drying it to remove the residual alcohol. The pellet was resuspended in 20ul of TE-

RNase. 10pul of this yeast plasmid DNA was transformed into ultra-competent bacterial cells.

RNA isolation from yeast

A primary culture of desired strains was grown overnight. Next day, appropriate volume of
inoculum was taken and secondary culture was set up to an initial OD600 of 0.15-0.20. A SmL
culture containing cells equivalent to lunit OD600 were harvested after desired growth or
treatment. The cell pellet was washed with cold, sterile water, transferred to a microfuge tube
and snap frozen in liquid nitrogen. The pellet was then stored in -80°C. To begin RNA isolation,
the pellet was resuspended in TES buffer prepared freshly. This suspension was added to
another microfuge tube containing equal volume of water saturated acidic phenol preheated to
65°C. The tubes were then placed in thermomixer set at 65°C and incubated for lhour with
intermittent mixing by gently inverting the tube. The tubes were then placed in ice for 5 min
followed by centrifugation at 13000rpm for 5 min. The top aqueous layer was collected and
added to an equal volume of chloroform to get rid of residual phenol. The solution was
centrifuged again at 13000rpm for 5 min and aqueous layer was collected. To this, 2.5 volumes
of chilled 100% ethanol and 0.10 volume of 3M sodium acetate (pH5.2) was added for
precipitating RNA. The tubes were then placed in -80°C for at least 2 hours (upto overnight).
RNA was pelleted by spinning at 13000rpm for 10 min followed by washing the pellet with
70% ethanol. The pellet was allowed to air dry in the tube followed by resuspension in 100ul
of RNase free water. The integrity of RNA was checked by agarose gel. DNase digestion of
RNA was done by using RNase free-DNase and further DNA contamination was tested by
PCR.

TES buffer

10mM Tris-CI pH7.5
10mM EDTA pHS.0
0.5% SDS
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Restriction digestion

For digestion of DNA using high-fidelity restriction enzymes from NEB, the cocktail was
prepared as follows for 10ul reaction. Restriction digestion was carried out at 37°C for a

minimum of 20 min.

Tablel: Setting up restriction digestion

Component Volume

10X CutSmart Buffer Tl

DNA (1-2pg) 2-5ul (depending on concentration)
Enzyme (4units) 0.2ul
Deionized water 3.8-6.8ul

Polymerase Chain Reaction

The PCR reaction for amplification was set as follows. Standard Taq Buffer was used for Taq
Polymerase and ThermoPol Buffer was used with Vent Polymerase. All enzymes used were

from New England Biolabs (NEB).

Table2: Setting up PCR

Component Volume
10X Buffer 2.5ul
10mM dNTPs 0.5ul
10mM FP 0.5ul
10mM RP 0.5ul
Template DNA (50-100ng) | 1ul
Polymerase 0.125pl
MiliQ water 19.875ul

PCR reaction was carried out as follows:

95°C Initial denaturation

95°C Denaturation

55-65°C Annealing 25-35cycles
72°C Extension

72°C Final Extension

4°C Hold
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Colony PCR

This protocol was used to do rapid screening of genomic DNA for gene deletions or epitope
tagging. A small number of cells were picked from a single colony of yeast using a toothpick
and resuspended in 40pl of 20mM NaOH in a PCR tube. Cells were lysed by heating at tube
at 98°C for 10min followed by placing on ice immediately. The tubes were spun at high speed
for 15 sec and 1pl of the supernatant was used as a template for PCR. The PCR was set up as

described above.

c¢DNA synthesis and qRT-PCR

cDNA was prepared by using Verso cDNA synthesis Kit by ThermoScientific using 1pg of

RNA as template. The reaction mixture was prepared as follows:

Table3: Reaction mixture for cDNA synthesis

Component Volume
5X cDNA synthesis Buffer | 4ul
S5mM dNTP Mix 2ul
RNA Primer 1pl

RT enhancer Tul
Verso Enzyme Mix Tul
Template (RNA) 1-5ul
Nuclease free water to 20ul
Total Volume 20pl

The quality of cDNA was tested by PCR. Transcript levels were tested by qRT-PCR. AACt
method was used to calculate fold change (Abraham and Mishra, 2018).
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2.2 LIST OF PLASMIDS

The following plasmids and clones were used in the current study. All new DNA constructs

were confirmed by restriction digestion and sequencing.

Table4: List of plasmids used in the study

Reference | Name Description Reference/
no. Source
CKM 32 | pRS313 YC-type centromere vector | (Sikorski
and Hieter,
1989)
CKM 35 | pRS316 Y C-type centromere vector | (Sikorski
and Hieter,
1989)
CKM 74 | pFA6a-13MYC-HIS3MX Yeast genomic targeting (Longtine
et al., 1998)
CKM 338 | SPC42-dsRED: URA3 Marker for SPB (Conrad et
al., 2007)
CKM 353 | pUN100-GFP-NUP49 Marker for NE/NPC (Belgareh
and Doye,
1997)
CKM 361 | pDZ45-GFP-ESC1 Marker for INM/NE (Male et al.,
2020)
CKM 362 | pPBEVY-L Bi-directional expression (Miller,
vector for yeast 1998)
CKM 462 | pADHI- NLS-GFP2X-P12: Construct for monitoring (Stade et
URA3 nuclear import al., 1997)
CKM 466 | pUIP4-UIP4-pRS313 UIP4 cloned in pRS313 This study
under its native promoter
as BamHI/Sall fragment
CKM 501 | pGPD-UIP4-13MYC-pBEVY-L | UIP4-13MYC cloned in This study
pBEVY-L with a
constitutively active bi-
directional promoter that
consists of a fusion of the
GPD promoter and a short
derivative of the ADH1
promoter as Xbal/Sall
fragment
CKM 503 | pUN100-Nup49-mCherry Marker for NE/NPC (Chadrin et
al., 2010)
CKM 506 | pGPD-UIP4-pBEVY-L UIP4 cloned in pBEVY-L | This study

with a constitutively active
bi-directional promoter that
consists of a fusion of the
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GPD promoter and a short

derivative of the ADH1
promoter as BamHI/Sall
fragment
CKM 510 | pUN100-mRFP-NOP1 Marker for nucleolus (Ulbrich et
al., 2009)
CKM 517 | pADH1-GAL4BD-UIP4- UIP4 cloned in pGBKT7 as | This study
pBGKT7 Sall/Pstl fragment
CKM 594 | pGBKT7 Yeast two-hybrid bait (Louret et
expression vector al., 1997)
CKM 616 | pFA6a-His3MX Yeast genomic targeting (Longtine
et al., 1998)
CKM 638 | SFB-pCU-PDC1 SFB cloned in EcoRI/Sall | (Kumar et
site of pCU-PDC1 with a al., 2020)
STOP codon for generating
C terminal tag
CKM 653 | pUIP4-UIP4-SFB-pRS313 UIP4-SFB cloned in This study
pRS313 with its native
promoter as Xbal/Sall
fragment
CKM 670 | pUIP4-UIP4-13MYC-pRS316 UIP4-13MYC cloned in This study
pRS316 with its native
promoter as Xbal/Sall
fragment
CKM 679 | pUIP4-GFP-SFB-pRS313 GFP cloned in pRS313 This study
with an SFB tag under
UIP4 promoter
CKM 707 | pSH62-EBD Yeast expression vector for | Addgene
estradiol-dependent #49455
expression of Cre
recombinase
CKM 708 | pKVO015 Genome targeting for Addgene
Recombination-Induced #64766
Tag Exchange (RITE)
Cassette for HA-GFP to a
T7-RFP tag
CKM 712 | pFA6a-KanMX Yeast genomic targeting (Longtine
et al., 1998)

2.3 BACTERIAL GROWTH AND MEDIA

Bacterial colonies were usually grown in LB media at 37°C. In order to achieve high growth

efficiency upon transformation, Super Optimal Broth (SOB) was used. Sterilization was

performed by autoclaving at 121°C for 20min.
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LB broth 0.5% Yeast Nitrogen Base
1% Tryptone
1% NaCl

SOB 0.5% Yeast Nitrogen Base
2% Tryptone
10mM NaCl
2.5mM KCl
10mM MgSO4 (added after autoclaving)
10mM MgC12(added after autoclaving)

Additionally, 2% agar was added for solid media.

Preparation of ultra-competent bacterial cells

Bacterial cells competent for transformation were prepared by Inoue method (Sambrook and
Russell, 2006). A single colony of bacteria was inoculated in 3mL of SOB. The culture was
allowed to grow overnight at 37°C with shaking at 220rpm. Next day, secondary culture was
set up by using 1/100% volume of primary culture in 100mL of SOB broth and incubated at
18°C with shaking at 180rpm until the ODsoo reached 0.4-0.5. Cells were cooled by placing the
flask in ice and immediately harvested by centrifuging at 12000 rpm for 10 min at 4°C.The
supernatant was discarded and pellet was washed with cold distilled water. The cell pellet was
resuspended in 80mL of Inoue transformation mix, resuspended and spun at 12000 rpm for 10
min at 4°C. The supernatant was discarded and centrifuge tube was placed on ice immediately.
The cells were then resuspended in 20mL of ice-cold Inoue transformation buffer and 1.5mL
of DMSO was added and the contents were mixed by swirling the tube. The cell suspension
was allowed to sit on ice for 10 min. 100ul of this suspension was aliquoted into 1.5mL
microfuge tubes and snap frozen in liquid nitrogen. The tubes were stored at -80°C until further

use.

Inoue transformation mix 50mM MnCl,.4H,O
15mM CaClL.2H,O
250mM KCl
500mM PIPES pH6.7

Bacterial transformation

A single Eppendorf tube containing 100ul of ultra-competent DHS5a cells was used for

transformation. Competent cells stored in -80°C were taken and placed on ice. 2ul of plasmid
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DNA was added to the cells and allowed to thaw in ice for 20min. Heat shock was given to the
cells for 90sec at 42°C followed by placing the tube in ice for Smin. 900pul of LB media was
added to the cells and they were kept for 40min in thermomixer set at 37°C with mixing. 100ul

of cell suspension was spread on LB plate and the plate was incubated at 37°C.

When transforming ligated DNA construct, 900ul of SOB was used instead of LB media.
Further, the cells were allowed to recover at 37°C for 60min. The tube containing cell
suspension was spun at 13000rpm for Imin. 800ul of supernatant was removed and the cells
were resuspended in the remaining media and spread on LB plate containing appropriate

antibiotic selection.

2.4 TECHNIQUES RELATED TO YEAST GROWTH AND
STRAIN GENERATION

Yeast strains of BY4741/42 and W303 background were used. A fresh batch of parent cells
were streaked out from the glycerol stock at -80° before starting an experiment. The cells were
grown in either Synthetic Complete (SC) medium containing all amino acids or Yeast Extract-

Peptone-Dextose (YPD) media. The media composition is given below:

YPD 1% Yeast Nitrogen Base
2% Peptone
2% Dextrose

SC media 0.75% SC omission powder
2% Dextrose

2% agar was added for solid media.

Preparation of Powder Omission Media Mix

In order to prepare dropout powder, the components given in the table below were weighed
and mixed using a blender. To prepare omission powder, the amino acid not required was

omitted.
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TableS. Components of synthetic complete dropout mix

Component Amount
Yeast Nitrogen Base without amino acids | 50gm
L- Arginine Sulfate 150mg
L-Glutamic Acid 3.75gm
L-Histidine HCI 150mg
L-Isoleucine 225mg
L-Leucine HCI 450mg
L-Methionine 150mg
L-Phenylalanine 435mg
L-Tryptophan 150mg
L-Tyrosine 225mg
L-Valine 1.12gm
Adenine Sulfate 150mg
Uracil 150mg
Total S0g

Growth assay and spotting

Liquid media:

Overnight cultures were sub-cultured to 200ul volume in 96 well plate. Biological triplicates
for each strain were used. The OD600 was measured and cells were diluted to an initial OD600
of 0.1-0.12. The plate was incubated at 30°C with mild shaking. OD600 was recorded using a
multimode plate reader every 90-120 min and growth curve was plotted. The readings were

taken until the growth curve flattened and cells ceased to divide.

Spotting on solid media:

Overnight cultures were sub-cultured to SmL of fresh medium with equal number of cells. Each
of them was allowed to grow in the liquid synthetic complete medium for approximately 4-5
hours at 30°C. The cells were spun and a 10-fold serial dilution was performed. 5ul of cells
were spotted on SC plates and incubated for 2-3 days at desired temperature to assess growth

differences.
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Plasmid Transformation into yeast

Yeast transformation was performed using standard lithium acetate based protocol (Daniel

Gietz and Woods, 2002).

2.4.1.1 RAPID TRANSFORMATION OF PLASMID DNA

A single colony of yeast was inoculated in 10mL of YPD/SC and grown overnight. The cells
were harvested by centrifugation at 3000rpm for 5 min. The supernatant was discarded and
cells were resuspended in 10mL of sterile double distilled water. The cells were pelleted again
and resuspended in ImL of 100mM LiAc. 150ul of this cell suspension was aliquoted in to a

microfuge tube and cells were pelleted. To this pellet, 350ul of transformation mixture was
added.

Table6. Components of transformation mix

Component Volume
PEG 3500 50% w/v 240 pl
LiAc1.0M 36 ul

Boiled SS-Carrier DNA (2 mg/ml) | 50 ul
Plasmid DNA (0.1 to 1 pg) + water | 24 ul
Total Volume 350 pl

The tube was vortexed to resuspend the cells and incubated in water bath/ thermomixer at 42°C
for 40min. The cells were pelleted by centrifugation at 6000rpm for 2 min and the supernatant
was removed using a pipette. The pellet was resuspended in 100ul water and spread on
selection plate. The plates were allowed to dry inside the laminar hood and then incubated at

30°C for 2-3 days.

2.4.1.2 HIGH-THROUGHPUT TRANSFORMATION OF GENOMIC
LIBRARY INTO YEAST

The method described above was scaled up to 10X in order to obtain large number of
transformants when doing large screens such as yeast two hybrid. A single colony of yeast was
inoculated in 10mL of YPD/SC and grown overnight. Next day, appropriate volume of

inoculum was taken and 100mL of secondary culture was set up to an initial OD600 of 0.15-
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0.20. The cells were allowed to grow and harvested at mid-log phase (OD600 0.8-1.0) by
centrifugation at 3000rpm for 5 min. The supernatant was discarded and cells were resuspended
in 25mL of sterile double distilled water. The cells were pelleted again and resuspended in 3mL
of 100mM LiAc. This cell suspension was aliquoted in to a 15mL tube and cells were pelleted.

To this pellet, 3.50mL of transformation mixture was added.

Table7. Components of transformation mix for high throughput transformation

Component Volume
PEG 3500 50% w/v 2.40 ml
LiAc1.0M 360 pl

Boiled SS-Carrier DNA (2 mg/ml) | 500 pl
Genomic library (2-3 pg) + water 240 pl
Total Volume 3.50 ml

The tube was vortexed to resuspend the cells and incubated in water bath/ thermomixer at 42°C
for lhour. The tube was vortexed for 5-10 seconds every 15minutes to prevent cells from
settling at the bottom of the tube. The cells were pelleted by centrifugation at 5000rpm for 3
min and the supernatant was removed using a pipette. The pellet was resuspended in ImL water
and cell suspension was spread on four selection plates, 250ul each. The plates were allowed

to dry inside the laminar hood and then incubated at 30°C for 2-3 days.

2.4.1.3 HIGH-EFFICIENCY TRANSFORMATION OF PCR PRODUCT INTO
YEAST

This method is employed to obtain high efficiency when transforming PCR or linearised
plasmid DNA into yeast cells for homologous recombination based approach (Gardner and
Jaspersen, 2014). A single colony of yeast was inoculated in 10mL of YPD/SC and grown
overnight. Next day, appropriate volume of inoculum was taken and 50mL of secondary culture
was set up to an initial OD600 of 0.15-0.20. The cells were allowed to grow and harvested at
mid-log phase (OD600 0.6-0.8) by centrifugation at 3000rpm for 5 min. The supernatant was
discarded and cells were resuspended in 25mL of sterile double distilled water. The cells were
pelleted again and resuspended in SmL of 1X TE. The pellet was vortexed briefly and cells
were pelleted by centrifugation. The pellet was resuspended in 200-500ul of LiAc mixture.
Meanwhile, an aliquot of frozen ssDNA stock was placed in boiling water for Smin and then

placed on ice immediately. To the cell suspension in LiAc mixture, 1-5pg of linearised DNA
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was added, followed by 100ug of ssDNA. Next, 700ul of 50% w/v PEG 3500 was added and
the tube was vortexed to mix the constituents. The tube was incubated at room temperature for
20min. Then 48ul of DMSO was added to the mixture followed by brief vortexing. The tube
was then placed in water bath/ thermomixer set at 42°C for 15-20min. The cells were pelleted
by centrifugation at 6000rpm for 2 min and the supernatant was removed using a pipette. The
pellet was resuspended in ImL water and cell suspension was spread on four auxotrophic
selection plates, 250ul each. The plates were allowed to dry inside the laminar hood and then
incubated at 30°C for 2-3 days. For antibiotic selection, the pellet was resuspended in ImL of
YPD broth and transferred to a 15mL tube. Further, 2mL of YPD was added and the cells were
allowed to recover for 4-6 hours by placing the tube in shaker incubator at 30°C. Then cells
were pelleted and resuspended in 1mL water. The cell suspension was spread on four antibiotic
selection containing plates, 2501 each. The plates were allowed to dry inside the laminar hood

and then incubated at 30°C for 2-3 days.

Generating strains by Mating, diploid selection, sporulation and marker segregation

Parent strains with opposite mating type were crossed in a YPD plate by making streaks (+ or
X) with significant intersection. The plate was incubated overnight at 30°C. Cells were picked
from the middle of the intersection using a toothpick and patched on an auxotrophic selection
plate. After confirming, the selected diploids were patched on to a YPK plate (1% Yeast
Extract, 2% Peptone, 2.5% Potassium acetate, 2% agar) and placed in 30°C incubator. The
spores begin to appear in 4-8 days and can be seen under a light microscope as 4 haploid cells

bound within the ascus wall.

For dissecting the haploids, spores were taken from YPK plate using a toothpick and diluted in
50yl sterile water. The spore wall was digested by using Zymolyase (100pg/ml) at 30°C for 30
sec-1min. After digestion of the ascus, the spores were diluted in 1mL sterile water and the
tube was placed on ice immediately. 25-30ul of the digested spores were dropped along a
vertical line at the diameter of a YPD plate. Dissections of the spore was performed using an

Olympus BX41 dissecting microscope.

Yeast two- hybrid screen

We used the yeast two-hybrid system to identify binding partners of Uip4 protein (Fields and

Song, 1989). The genomic library containing random genomic fragments fused to GAL4
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activating domain of plasmid pGAD-UC(X) was used to screen for relevant protein-protein
interactions. The ‘bait’ UIP4 was cloned to in the plasmid pGBKT-7 with its open reading
frame fused to the open reading frame of the GAL4 DNA binding domain. The bait plasmid
was confirmed by sequencing and its ability to self-activate the Gal4 expression was tested. To
screen for interactors, the ‘bait’ plasmid and ‘prey’ library were co-transformed into PJ694-A
reporter strain (James et al., 1996). This strain has HIS3 and ADE?2 as reporter genes. The
transformants were selected on SC-leu-trp-his medium plates. The transformants were then
labelled and either patched or replica-plated on to SC-leu-trp-ade plates. Plasmid DNA was
isolated from the yeast colonies showing positive interaction with Uip4. This plasmid was then
transformed in to bacterial competent cells and colonies bearing the interacting plasmids were
selected on LB plate containing ampicillin. Next, we isolated plasmid DNA from three random
bacterial colonies and examined the insert by restriction digestion of the interacting library
plasmid to release the genomic insert. The interacting plasmids were sent for sequencing and
analysed further to identify the likely interactor using BLAST and sequence alignment. The
interaction was confirmed further by retransformation into PJ694-A bearing ‘bait’ plasmid,

followed by selection on reporter plates.

2.5 LIST OF STRAINS

The following strains were used in the current study. Strains generated by homology-based

recombination were confirmed by multiple screening PCR.

Table8: List of yeast strains used in the study

Reference | Name Genotype Reference
no.
KRY280 PJ694-A MATa trp1-901 leu2-3,112 ura3-52 his3- | Phil James et.
200 gal4A gal80A LYS2::GAL1-HIS3 al. (1996)
GAL2-ADE2 met2::GAL7-lacZ
KRY436 | W303-1A MATa ade2-1 leu2—3 -112 his3-11,15 Thomas and
trpl-1 ura3-1 Rothstein
(1989)
KRY437 W303-1B MATo ade2-1 leu2—-3 -112 his3-11,15 Thomas and
trpl-1 ura3-1 Rothstein
(1989)
KRY 1492 | BY4741 MATa; his341; leu2A0; met1540; ura3A Brachmann et.
al. (1998)
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KRY 1493 | BY4742 MATa ; his341; leu2A0; lys240; ura3A0 | Brachmann et.
al. (1998)
KRY 1570 | Uip4-13Myc KRY 1492 except UIP4-13MYC::HIS3 Deolal et.al.
(2021)
KRY 1577 | pom34A uip4A | KRY 1697 except pom34A::KanMX4 This study
KRY 1648 | Pom33-GFP W303A, POM33-GFP::HIS3MX Webster et. al.
(2014)
KRY 1652 | Nup188-GFP | W303B, NUP188-GFP::HIS3IMX Webster et. al.
(2014)
KRY 1653 | Nupl57-GFP | W303B, NUP157-GFP::HIS3MX Webster et. al.
(2014)
KRY 1654 | Pom33-GFP KRY 1648 except uip4A.::KanMX4 This study
uip4A
KRY 1655 | Nupl188-GFP | KRY 1652 except uip4A::KanMX4 This study
uip4A
KRY 1656 | Nupl157-GFP | KRY 1653 except uip4A::KanMX4 This study
uip4A
KRY 1679 | nupl57A KRY 1697 except nup157A::KanMX4 This study
uip4A
KRY 1697 | uip4A KRY 1492 except UIP4::KanMX4 This study
KRY 1698 | uip4A KRY 1493 except UIP4::KanMX4 This study
KRY 1743 | Nupl157-GFP | KRY 1653 except atgIA::KanMX4 This study
atgIA
KRY 2035 | Nupl57-RITE | KRY 1493 except NUP157-loxP-GFP- This study
HygR-loxP-mRFP
KRY 2036 | Nupl57-RITE | KRY 2035 except uip4A::KanMX4 This study
uip4A
YLRO18C | pom34A KRY 1492 except pom34A::KanMX4 Euroscarf
YER105C | nupl57A KRY 1492 except nupl57A.:KanMX4 Euroscarf
YMRO37C | msn2A KRY 1492 except msn2A::KanMX4 Euroscarf
YKLO62W | msn4A KRY 1492 except msn4A::KanMX4 Euroscarf
YDRO96W | gisIA KRY 1492 except gisIA::KanMX4 Euroscarf
YFLO33C | riml5A KRY 1492 except msn2A::KanMX4 Euroscarf
YORI101IW | rasIA KRY 1492 except rasIA::KanMX4 Euroscarf
YHR205W | sch9A KRY 1492 except sch9A::KanMX4 Euroscarf
YJRO66W | toriIA KRY 1492 except torIA::KanMX4 Euroscarf

2.6 STAINING AND IMAGING PROTOCOLS FOR YEAST

Trypan blue staining

Cells grown were harvested by centrifugation and the pellet was washed twice with fresh SC

media. Approximately lunit OD600 cells were resuspended in 500l of SC media. Sul of cells
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were taken and mixed with 5ul of 0.4% Trypan blue solution, and laid on a clean glass slide.
Cells were mounted with cover slip and 8-10 random fields were imaged in a microscope. The
dead cells stain blue and appear darker when imaged with transmitted white light.

Approximately 250-300 cells were counted to estimate the cell viability.

Live cell imaging

Cells grown were harvested by centrifugation and the pellet was washed twice with fresh SC
media. Cells suspended in SC media were added to slides coated with 0.1% Concanavalin A
(ConA) solution. The cells were allowed to settle for 5 minutes and excess liquid was removed
using a vacuum pump. For nuclear staining, Sul of 50ng/mL DAPI was added to the cells in
dark. After 5 minutes, 4ul of Slow Fade Anti-fade mounting medium was added and coverslip

placed. The edges were sealed gently using nail polish and images were acquired immediately.

For time course imaging, cells resuspended in SC media were mounted onto a 35mm cover
glass bottom dish coated with ConA. After allowing the cells to settle, unbound cells were
rinsed with SC media. Images were acquired in confocal microscope equipped with a

temperature-controlled stage set at 30°C.

Immunofluorescence

Immunofluorescence was performed as described in (Tirupataiah et al., 2014). Briefly, cells
were fixed in growth media with 3.7% formaldehyde at 30°C for 20min, followed by three
washes with sterile distilled water. Cells were then treated with 10mM DTT and 0.1M EDTA-
KOH for 10min at 30°C. Spheroplasts were generated by treating the cells with 0.25mg/mL
Zymolyase 100T at 30°C until the cell wall was digested. Digestion of cell wall was confirmed
by visualising a drop of cell suspension under a light microscope. Appropriate amount of
spheroplasts were dropped onto a 0.1% poly-L-Lys coated slides. The cells were permeabilized
by treating with methanol and acetone for Smin and 30sec respectively. Blocking was done
using 1% BSA prepared in 1X-PBS (pH 7.4) with 0.1% Tween-20. Staining with primary
antibodies was performed overnight at 4°C in a closed, moist slide box. Staining with secondary
antibodies labelled with fluorescent dye was done at room temperature for 2hrs. DAPI staining

was done for 5 minutes followed by mounting with Prolong gold antifade mountant.

Transmission Electron Microscopy
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For transmission electron microscopy (TEM), yeast cell cultures were grown to mid-log phase
0.5 OD600. The cells were harvested by spinning at 1000rpm for 3minutes. The cell pellet was
resuspended in 40mL of ice-cold fixing solution and placed on ice for 2 hrs. The fixed cells
were spun and washed with 25mL ice-cold 50mM potassium phosphate (pH 6.8) buffer twice.
Next the pellet was resuspended in ImL ice-cold 50mM potassium phosphate (pH 6.8) and
transferred to a microfuge tube. The cells were pelleted and by resuspended in 750ul of freshly
prepared 4% KMnO4. Post-fixation was carried out for 1 hr at room temperature in an end-
over-end rotator. After this, the fixed cells were pelleted and washed twice with 1mL distilled
water. Cells were treated with freshly prepared 2% uranyl acetate for 1 hr at room temperature
and subsequently washed. Dehydration of cells was followed by clearing with propylene oxide
and infiltration with the combination of 100% propylene oxide and 100% spur low viscosity
resin. The sectioning and image acquisition was carried out at TEM facility of ACTREC, Tata

Memorial Centre, Mumbai.

Fixing solution 2% glutaraldehyde
1% paraformaldehyde
ImM MgCl,
50 mM potassium phosphate buffer pH 6.8

Image acquisition, processing and analysis

All images were acquired on Leica TCS SP8 using HC PL APO CS2 63X/1.40 OIL objective.
Optimal laser power, image size and acquisition settings were used. At least three biological

replicates for each sample were imaged for quantification and analysis.

2.6.1.1 NUCLEAR SHAPE ASSESMENT

The phenotype was scored either by manual inspection or quantified using ImageJ/FI1JI
(Schindelin et al., 2009). For manual quantification, the fraction of cells showing abnormal
structure/distribution as compared to wild type cells imaged under same condition was
reported. To quantify the nuclear shape changes, we measured the circularity of nucleus by
using Analyze tool of FIJI. For this, we traced the nuclear outline using the free hand selection
tool. After marking each nucleus, the selection was added to the ROI manager (Press T or

Edit-> Selection=> Add to Manager). After completing selection of cells, Measure function was
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used and the Results appear in a new tab. The table was saved as either .csv or the data was

copied and imported to Excel for further analysis.

2.6.1.2 AGGREGATION INDEX

NPC aggregation index was determined as described in (Lord and Wente, 2020). Briefly, the
NE outline based on the signal from indicated nup was traced in F1JI using the freehand tool.
The selection was converted to a line and fluorescence intensity values were obtained using the
plot profile function. The intensity values for ~20-25 cells from at least two independent
experiments were copied to excel sheet and respective background fluorescence intensity was
subtracted. Next, for each NE, average intensity was subtracted from the individual values and
the absolute difference was obtained. The standard deviation of this difference was divided by

the average intensity of each NE and reported as the aggregation index.

2.6.1.3 NLS IMPORT RATIO

The mean intensity values of GFP in the nucleus vs cytosol was used to quantify the nuclear
import of NLS-GFP construct (Webster et al., 2016). A region of definite area was drawn in
the nuclear and cytosolic region of cells under inspection using the oval selection tool of FIJI.
The mean fluorescence intensity was determined using the measure tool. Background
fluorescence intensity from a region outside of the cell was subtracted from each value. The
nuclear import of NLS-GFP was reported as the ratio of mean nuclear versus cytosolic

intensity.

2.7 PROTEIN AND RELATED BIOCHEMICAL TECHNIQUES

TCA method of Protein extraction

Proteins were extracted using TCA method of protein precipitation (Abraham et al., 2019)
Briefly, cells were grown in appropriate medium up to mid-log phase. 200ul of 20% TCA was
added to the cell pellet and were lysed by adding glass beads and vortexing at high speed for 3
minutes. The lysate was collected in a fresh microfuge tube. The tube containing glass beads
was washed twice with 200ul of 5% TCA and vortexed for 1 min. The lysate was collected

and added to the previous tube. The entire lysate was spun at 13000rpm for 10 min. Supernatant
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was discarded completely and the pellet was dissolved in 200ul of Laemmli buffer. 2M Tris
was added drop-wise until the buffer turned blue. Proteins were denatured by boiling in

Laemmli buffer for 5 minutes at 95°C.

4X SDS loading dye (Laemmli buffer) 200mM Tris-HCI pH6.8
8% SDS w/v
40% Glycerol v/v
6mM Bromophenol Blue
4% B-mercaptoethanol

SDS-PAGE and Western blotting

Denaturing PAGE was employed to resolve the proteins extracted. Gels for SDS-PAGE were
cast using standard protocol. The stacking gel was used at 4% concentration while the
concentration of resolving gel varied from 8-12% depending on the molecular weight of protein
under inspection. Protein extracts were loaded onto the gel and electrophoresed at 75-80V
while on stacking gel and 100-120V after the lysate enters resolving gel. Pre-stained molecular
weight markers were loaded along with the samples to track the migration. SDS-PAGE was
followed by a standard semi-dry method of transfer to PVDF membrane for western blotting.
Protein/ epitope tag specific primary and respective secondary antibodies tagged to HRP were
used. The signal was detected by chemiluminescence and membrane was imaged in ChemiDoc

Imaging system.

PVDF membranes were stained reversibly using Ponceau Staining solution. This is useful to
test transfer of proteins to the membrane and examine total protein. A 0.1% w/v solution in 5%
GAA was used prior to addition of antibody. After developing the blot, a 2% w/v solution in

30% TCA was used to obtain more stronger binding and darker staining.

Staining protocols for acrylamide gels

The acrylamide gels were permanently stained with coomassie by soaking them in CBB

staining solution for at least 1 hour and then destaining.
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CBB staining solution: Coomassie 0.25¢

Methanol 45ml
Water 45ml
GAA 10ml
Destaining solution: Methanol 45ml
Water 50ml
GAA Sml

Silver staining:

Prior to staining with silver nitrate, the acrylamide gels were fixed using a mixture of methanol
(50%v/v) and acetic acid (12% v/v) for 2 hours. Followed by fixing, the gel was washed with
distilled water for 2-4 hours. The gel was then soaked in hypo-sodium thiosulfate (20mg/ml)
for 5 minutes followed by rinsing with water. The gel was then soaked in 50ml of 0.2% silver
nitrate solution prepared freshly and incubated in 4°C for 2 hours in a closed box. The gel was
then quickly washed with water and the stain was developed by transferring the gel to a 50ml
6% solution of sodium carbonate containing 100ul formaldehyde (37% stock). 5% acetic acid

solution was then used to stop the color darkening.

Quantification of western blot

Densitometric analysis of chemiluminescence readout after western blot was done using Gel
Analyzer option of ImagelJ/FIJI. Protein expression was normalized to the loading control,
usually an antibody to a protein expressed by housekeeping gene. Quantification of the protein

expression from western blots of at least 3 independent experiments is performed.

Pull down

The protein of interest tagged to a triple epitope bearing SFB (S-protein, FLAG and
Streptavidin binding peptide) tag was used to immunoprecipitate (IP) the interactors. The strain
was grown to desired culture condition and cells were harvested by centrifugation at 3000rpm
for 5 min at 4°C. Cell pellet was snap frozen in liquid nitrogen and stored in -80°C until further
use. Cells equivalent to 50 units of OD600 1.0 were used to prepare the lysate based on method
adapted from Kumar et al., 2020. To begin, 500ul of freshly diluted, chilled lysis buffer with
protease inhibitors was added to the pellet and the tube was placed in ice for 2-3 min. The cell

suspension was then transferred to a pre-chilled 2 mL microfuge tube containing glass beads
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up to ~500ul mark. The cells were lysed by using a bead beater (5 cycles of 30sec pulse with
Imin rest on ice). The lysate of collected transferred to a new tube and spun at 13000rpm for

20min at 4°C. The supernatant was collected and total protein in the lysate was estimated.

3-5% of whole cell lysate was used as Input and boiled with SDS-loading dye and stored at -
20°C until further use. 4-8mg of lysate was used for IP. 100ul of streptavidin beads pre-washed
with lysis buffer without protease inhibitors were added to the lysate and the mixture was
incubated for at least 2hours to maximum 4hours in an end-over-end rotator placed at 4°C. The
beads were collected by spinning the tube at 2000rpm for 5 min at 4°C. The supernatant was
collected in a separate tube to assess the amount of binding. The collected beads were washed
thrice with lysis buffer without inhibitors by spinning at 2000rpm for 2 min at 4°C. ImL of
freshly prepared 2mg/mL biotin solution prepared in lysis buffer without inhibitors was added
to the washed beads and incubated at 4°C in an end-over-end rotator for 2-3 hours. The tubes
were spun at 2000rpm for 2 min at 4°C and supernatant was collected and transferred to a fresh
microfuge tube. 30ul of pre-washed S-protein beads were added to it and incubated in end-
over-end rotator for at least 2 hours to maximum 12 hours. The tubes were spun at 13000rpm
for 5 min at 4°C and the beads were washed thrice with lysis buffer without inhibitors. Finally,
the bound proteins were eluted by boiling the beads in 2X SDS-loading dye at 95°C for 5 min.
The beads were sedimented by spinning the tube at 3000rpm for 2 min. The supernatant was

collected and stored at -20°C until further use.

For MS/MS analysis, the eluate was loaded onto an acrylamide gel. After the dye front migrated
in to the resolving gel up to a lcm distance, the gel was stained with CBB solution followed
by destaining. The desired lane was excised and the gel was put in a microfuge tube containing
deionised water. The samples were shipped to Taplin Biological Mass Spectrometry Facility,

Harvard Medical School (https://taplin.med.harvard.edu) for LC-MS/MS analysis

Lysis Buffer composition 20mM Tris-CIl pHS8.0
100mM NaCl
ImM EDTA pHS.0
0.05% Nonidet P-40

Inhibitors Mixture 2.5mM Sodium Fluoride
ImM Sodium orthovanadate
2.5mM PMSF
1X EDTA-free protease inhibitor cocktail
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2.8 STATISTICAL ANALYSIS

Statistical significance was determined by using Student’s t-test to compare the differences
between samples, assuming that the population was selected randomly without any bias and
data is distributed normally. p-value is reported where necessary and the error bars are

representative of the standard error of mean throughout.
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CHAPTER 3 LOSS OF UIP4 AFFECTS NUCLEAR
FUNCTION IN SACCHAROMYCES CEREVISIAE

3.1 OVERVIEW

In a genome wide fluorescence microscopy-based screen to identify the components that
contribute to the process of regulating nuclear shape (Male et al., 2020; Deolal and Mishra,
2021), we found several non-nuclear proteins to be involved in nuclear shape regulation. The
quantification of abnormal shape was represented as the fraction of cell population showing
deviations from the wild-type like morphology. One such gene with uncharacterized function
was UIP4. Over 50% of the UIP4 knockout cells were scored as having abnormal nuclear shape
during the genome-wide screen for factors important for regulation of nuclear morphology.
UIP4/YPL186C encodes for a protein with a so far uncharacterized function (Source:

Saccharomyces Genome Database https://www.yeastgenome.org).

The work for this project began by investigating the role of Uip4 in the regulation of nuclear
shape. Initially, we established the nuclear shape abnormalities in uip4A cells. The shape of
nucleus in live cells can be visualized by using a nuclear envelope protein tagged to a
fluorophore. In most of the metazoans, lamin staining is an established proxy for nuclear
morphology. However, since budding yeast and other lower eukaryotes lack lamin, we
employed an INM protein- Escl, to demarcate the nuclear outline (Andrulis et al., 2002). Our
laboratory has established the use of GFP-Escl as a marker to determine nuclear shape in
budding yeast (Male et al., 2020; Deolal and Mishra, 2021). Despite the absence of lamins in
yeasts, the nuclear morphology is stably maintained and shape changes occur in a regulated

fashion.

One of the largest and dynamic protein macro assembly that spans the NE is the SPB (Jaspersen
and Winey, 2004). In fungi that undergo closed mitosis, the nucleus displays a series of
morphological alterations coordinated with cell cycle stages. In such cells, the SPB is located
inside the nucleus and undergoes lateral expansion (Byers and Goetsch, 1974). During mitosis,
the SPB divides and the two spindles move to opposite poles within the NE, pulling the attached
chromosomes with them. Normally, the round nucleus elongates to a spindle shape and appears

like a dumb-bell right before splitting into two round daughter nuclei. The SPB dynamics
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affects nuclear shape and size (Gonzalez et al., 2009). When spindles fail to separate normally,
the NE deforms (Zheng et al., 2007). NPCs are other large multi-protein assemblies inserted
into the NE and their stability is critical for nuclear geometry as described in Chapter 1. Thus,
SPB and NPCs stabilize the overall nuclear structure and participate in membrane curvature by
interacting with several proteins including, but not limited to, lamina and members of LINC
complex (Zheng et al., 2007; Gonzalez et al., 2012; Liu et al., 2007; Lussi et al., 2011). We
tested the localization and distribution of these two macromolecular assemblies at the NE- the

SPB and the NPCs, in wild type and uip4A.

We employ fluorescence microscopy-based techniques to visualize and comprehend the
differences between nuclei of wild type and uip4A cells. We also used Stimulated emission
depletion (STED) to achieve enhanced resolution and examine the finer differences between
distribution of marker protein, and transmission electron microscopy (TEM) to confirm shape
abnormalities. Our results suggest that Uip4 is involved in stabilizing the assembly

intermediates of NPC in yeast.

3.2 RESULTS

Loss of UIP4 Causes abnormal nuclear shape

In preliminary experiments performed in the laboratory, we had an observation that loss of
YPLI86C (UIP4) results in alteration of nuclear morphology. We authenticated this
observation of the high-throughput genome wide screen, by co-transforming wild type and
uip4A cells with plasmid expressing GFP-Escl and mRFP-Nop1. The nuclear outline in wild
type yeast cell marked with GFP tagged INM protein Escl appears to be round in 95% of the
cells harvested from an unsynchronised population. Nop1, a nucleolar protein, demarcates the
crescent shaped nuclear sub-compartment, the nucleolus (FigSA, left). On the other hand, in
uip4A cells, a large number of cells displayed abnormally shaped nuclei (Fig5A, right). To get
a measure of this abnormality we quantified the irregularity in the nuclear morphology by
measuring circularity index. Circularity Index (CI) is one of the most widely quantified
morphological features of nucleus. It is calculated as: 4*n*area/perimeter"2. We traced the
nuclear outline as defined by the distribution of Escl. As the majority of wild type cells have
circular nuclei, the CI lies close to 1 (FigSB). Whereas in case of uip4A cells, the shape of

nucleus is not circular and hence the CI is far from 1 with median of the distribution around
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0.7 (Fig5B). There is also large heterogeneity in the shape of nuclei with some nuclei being

heavily distorted as the distribution of CI shows.

Fig5. Loss of UIP4 leads to nuclear shape abnormalities in yeast
A. The micrographs representative of nuclear morphology in wild type and uip4A cells are
shown. GFP-Escl marks the NE in green and the signal from mRFP-Nopl is shown in
magenta. B. Violin plot showing circularity index (CI) of 25-30 nuclei from wild type and
uip4A cells is presented. C. 2D electron micrographs representative of the NE morphology in
wild type and uip4A are shown. The darkly stained NE is labelled. D. Fluorescence
micrographs acquired ~130nm apart in the Z-axis are shown for wild type and uip4A cells.
The nuclear morphology appears round, disc shaped in both the planes, whereas clear
deformities marked by arrows can be seen in uip4A cells.

We further assessed the nuclear shape by transmission electron microscopy. Such irregularities
were also mirrored in our 2D electron micrographs of fixed cells. The nuclear envelope can be
seen as a continuous, round bilayer in wild type (Fig5C, left). But in the uip4A cells, the NE
appears to be discontinuous and distorted (Fig5C, right). These differences between the two
cell types were also noticeable when acquiring a 3D image. The WT nuclei display ring like
membrane staining when optically sectioned in the Z axis (Fig5D, top). On the other hand,
uip4A cells display various membrane associated deformities such as flares (Fig5D, bottom-
white arrow) and blebs (Fig5D, bottom-yellow arrow). Therefore, with these preliminary
experiments we established that indeed UIP4 is critical for maintenance of the quasi-round

nuclear shape in budding yeast. uip4A cells have various kinds of nuclear shape deformities.
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Defective nuclear shape has been associated with delayed mitosis (Webster et al., 2009).
Therefore, we sought to monitor the nuclear shape dynamics during cell division by live cell
microscopy in wild type and uip4A cells. Cells were grown in a 35mm cover glass bottom dish
in the presence of SC medium at 30°C. S. cerevisiae undergoes closed mitosis therefore in wild
type cells the nuclei remained mostly round-elliptical with a uniform distribution of Escl
around the nuclear periphery (Fig6A, left). On the other hand, uip4A display abnormal nuclear
morphologies during nuclear transmission to the bud (Figb6A, right). These abnormal nuclei
take significantly longer time to partition in to the daughter bud as revealed in the quantification
of time taken by nucleus to enter the daughter cell (Fig6bB). This resulted in an increased nuclear
division time for uip4A as compared to the wild type. We then asked if this has any effect on
the overall growth rate of cells and compared the growth of WT and uip4A cells in solid and
liquid growth medium. However, we did not find any differences in the duplication time or the

mitotic growth (Fig6C, 6D).

A Cc

1.000
0.900
0.800

0.700

0.600
—Wild Type

0D 600nm

0.500

0.400
- uipd
0.300

. 0200
GFP-Esc1 _ 0.100

0.000
0

12 15 18
Time (hrs)

W

Wt uip4

Time for nuclear division (min)
OO N> ©
oo o o
{

Fig6. Loss of UIP4 does not cause mitotic growth defect
A. The micrographs representative of nuclear morphology in wild type and uip4A cells
undergoing division are shown. GFP-Escl marks the NE in green and the signal from mRFP-
Nopl is shown in magenta. B. Box plot showing nuclear division time of 25-30 nuclei from
wild type and uip4A cells is presented. Horizontal line represents the median time. C. Growth
curve for wild type and uip4A cells grown in liquid medium at 30°C is plotted. Error bars
shows SEM. D. 10-fold serially diluted cell suspension from wild type and uip4A culture was
spotted on to SC plate and image captured after 2 days of growth at 30°C is shown.

NPCs aggregate at the NE in uip4A cells and mis-localize as cytosolic spots
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So the initial findings showed that indeed loss of Uip4 has a major effect on nuclear
morphology and this causes increased nuclear division time and abnormal distribution of the
marker protein, Escl, along the membrane. To test if this effect was specific to Escl
distribution, or other NE proteins as well, we examined the distribution of components
belonging to SPB and NPC. In budding yeast, the NE houses the spindle pole body (SPB),
which forms attachments to the kinetochore-centrosome complexes of the chromosomes. We
transformed the cells with fluorescently tagged constituent proteins of these compartments.
Nup49, an FG-nup, fused to GFP marks the NPCs and DsRed tagged Spc42, a spindle protein,
labels the SPB. The chromosomes organize along the central nuclear axis from the spindle pole
body (SPB) to the diametrically opposite nucleolar centre (Sdez-Vasquez and Gadal, 2010). In
WT cells, the spindle duplicates, migrates to opposite end of the nucleus and is distributed to
the mother and the daughter cell, while the nuclear shape and integrity is retained. On the other
hand we find that in uip4A, while the Spc42 duplicates and gets distributed to the daughter
bud, the distribution of signal for GFP-Nup49 seems to distribute irregularly along the nuclear

periphery (Fig7A, arrows) and could also be located outside of the NE.
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Fig7. Loss of UIP4 results in clustering and mislocalization of nups
A. The micrographs representative of GFP-Nup49 (green) and Spc42-DsRed (magenta) in
wild type and uip4A cells undergoing division are shown. B. A STED micrograph of a single
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cell from wild type and uip4A representative of the distribution of nups is shown. A primary
antibody against the nup-Nsp1 was used to locate NPCs. White arrow shows extensions of
NE bearing nups. C. Images of wild type and uip4A cells transformed with GFP-Nup49,
stained with DAPI are shown. Non-nuclear spots of Nup49 can be seen in uip4A as marked
by the arrow. D. Histogram showing fraction of wild type and uip4A cells with cytosolic
spots of Nup49 is presented (n~200). E. Distribution of nups in wild type and uip4A cells

were quantified as aggregation index and is shown as box plot (n~30). Horizontal line
represents median aggregation index. The data shown in D, E is a cumulative representation
of cells marked without any bias from multiple fields, acquired from 3 independent
experiments.

We then investigated the effect of loss of UIP4 on the distribution of NPCs more carefully.
We performed indirect immunofluorescence and stained the NPCs in wild type and uip4A cells
using antibody to Nspl-a cytoplasmic FG nucleoporin. Then we acquired the images using
STED based super resolution microscopy(Hell and Wichmann, 1994). STED involves use of
an additional laser beam other than the excitation laser. The high intensity and high wavelength
STED laser beam has a donut shape which enhances the lateral and axial resolution of
biological samples by turning the fluorophores outside of the diffraction limited spot to an ‘off’
state. Therefore, the fluorescent signal can be seen as clearer, resolved spots, rather than a
contiguous blur. In wild type cells, the NPCs are known to distribute along the nuclear
periphery almost evenly as the STED micrograph in Fig7B, left, shows. This distribution
becomes uneven, and non-nuclear as well, in the uip4A cells (Fig7B, right). Apart from
aggregation of NPCs at the NE, we also observed presence of cytosolic spots of Nsp1 in uip4A.
In order to check if these non-nuclear extensions also have nuclear content, we imaged live
cells stained with DAPI. Wild type and the mutants were transformed with a plasmid borne
Nup49- GFP as a marker for the NPCs (Fig7C). Live cells were imaged and the defect was
quantified in two ways- aggregation index of NPCs at the NE, and fraction of cells showing
cytosolic spots of Nup49. We found that in uip4A, non- nuclear GFP signal is seen in about
18% of the population and also the distribution of Nup49 along the envelope is different
(Fig7C, 7D). Although cytosolic pool of nucleoporins in wild type cells has been reported
earlier (Colombi et al., 2013; Makio et al., 2013; Kumanski et al., 2021), this fraction of cell
population was at least three-fold higher in uip4A cells (Fig7D). Complementation with a
plasmid borne copy of UIP4 expressed from endogenous promoter could rescue the phenotype
in uip4A (Fig7D). In order to quantify the NPC aggregation, the GFP signal of the Nup49 along
the NE rim was used (Lord and Wente, 2020). The comparison shows that Nup49 is distributed
less evenly in the uip4A and therefore has higher aggregation index as compared to with wild

type cells. Altogether, this shows that nucleoporins-Nsp1 and Nup49 show clustering along the
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NE in the absence of UIP4 and their presence can be detected in non-nuclear regions as

multiple foci.

Loss of UIP4 leads to clustering and mis-localization of multiple Nups

We then examined the distribution of inner ring nucleoporins namely Nup157 and Nup188.
Both of these nups were also clustered upon loss of UIP4 (Fig8A, 8B). The transmembrane
nup, Pom33, showed a differential localisation in the uip4A cells (Fig8C). A minor fraction of
Pom33 is localized to the ER in addition to the NE in wild type cells (Chadrin et al., 2010).
Apart from clustering at the NE, there was a reduction in the distribution of Pom33 to the
cortical ER in uip4A as compared to wild type cells, with most of Pom33 present in the NE
(Fig8C, MIP). Loss of UIP4 therefore seems to affect distribution of multiple nups.
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Fig8: Loss of UIP4 results in NPC clustering
Live cell imaging was done for Wt and uip4 strains expressing indicated GFP tagged Nups from their
endogenous loci (A- Nup157, B-Nup188, C-Pom33). Spectrum lookup table (LUT) is used for GFP
signal (shown on bottom right) The box plot represents the aggregation index calculated from GFP
signal along the NE in the mid-focal plane of 25-30 individual cells from Wt (blue) and uip4 (red).
MIP- maximum intensity projection of Pom33-GFP signal shown in grey. Scale-2um.

We assessed the relative distribution of nucleoporins from two sub-complexes between wild
type and cells lacking UIP4. Wild type and uip4A cells expressing GFP tagged Nup157 from
its endogenous loci were transformed with Nup49-mCherry plasmid and imaged (Fig9A).

Cytosolic spots of either nup were rarely observed in wild type cells harvested from mid-log
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phase. While 5-8% of wild type population had single Nup49-mcherry puncta in the cytosol,
Nup157-GFP was only found to be present at the NE. The NPC clusters at the nuclear periphery
do not differ in their relative nup constitution between wild type and uip4A as determined based
on the degree of colocalization of Nup157 and Nup49 (Fig9B). Contrary to this, the cytosolic
spots observed in wuip4A contain more than just Nup49 unlike in wild type (Fig9C).
Colocalization analysis indicates that at least some additional NPC components are present in

the puncta found in uip4A.
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Fig9. Multiple nups are found in cytosolic foci upon loss of UIP4
A. The micrographs representative of Nup157-GFP (green) and Nup49-mCherry (red) localization in
wild type and uip4A cells are shown. White arrow represents cytosolic foci in the two cell types. B.
Box plot shows the coefficient of correlation between Nup157-GFP and Nup49-mCherry signal at the
nuclear rim in wild type and uip4A. C. Box plot shows the coefficient of correlation between Nup157-
GFP and Nup49-mCherry signal at the cytosolic spots in wild type and uip4A. D. Western blot
analysis was done to compare the expression levels of Nup157 and Nsp!l in Wt and uip4A cells
harvested from mid-log phase. a-GFP was used to detect endogenously tagged Nup157 and actin is
the loading control.

Next, we asked if the mis localization of nups results in their clearance by degradation. Our
western blot results indicate that the total protein levels for Nspland Nup157 do not differ
much between wild type and the uip4A (Fig 9D). This absence of reduction in protein levels
indicates that these foci are unlikely to be disintegrating NPCs. Overall, these results suggest
that multiple components of NPC are affected upon loss of Uip4 and the cytosolic foci observed

in uip4A could be either assembled NPC assembly intermediates or disintegrated NPCs.

Cytosolic spots in uip4A are a result of disrupted de novo NPC assembly

In order to understand the origin of these cytosolic nup foci, we monitored their dynamics in

mitotically dividing live cells. We observed that the cytosolic spots form continuously and
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were highly mobile. These spots also appear to merge with the NE in the uip4A cells. We then
reasoned that if these cytosolic spots are due to an assembly defect, then preventing fresh
protein synthesis should reduce the occurrence of these spots. On the other hand, if these are a
consequence of degradation/ removal from NE, they will continue to increase even in the

absence of new protein synthesis.

We monitored GFP-Nup49 in wild type and uip4A cells by time-lapse live cell imaging after
addition of 10png/ml cycloheximide (CHX), a protein translation inhibitor (Figl0A). We did
not see any increase in the cytosolic foci suggesting that the cytosolic spots are intermediates
of NPC assembly. While in wild type cells, the spots disappeared in 40+10min, it took
1204+25min in uip4A. Further, after 2 hours there were no noticeable non-nuclear foci of Nup49.
This observation suggests that in the absence of Uip4, de novo assembly of NPCs is affected
and these cytosolic foci represent assembly intermediates rather than degradation
intermediates. Interestingly, we also observed that after two hours of cycloheximide exposure,
even in wild type cells, the NPCs began to cluster and nuclear morphology also began to distort

(Figl0A), although no new cytosolic nup could be detected.
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Fig10. The cytosolic foci in uip4A are a result of disrupted de novo NPC assembly.

A. The micrographs representative of Nup157-GFP (green) and Nup49-mCherry (red) localization in
wild type and uip4A cells are shown. white arrow represents cytosolic foci in the two cell types. B.
Box plot shows the coefficient of correlation between Nup157-GFP and Nup49-mCherry signal at the
cytosolic spots in wild type and uip4A.

These results gave us a static snapshot of the defective NPC assembly. Since nups are highly
dynamic and continually synthesized, we used the power of genetic manipulation in yeast

coupled with microscopy-based visualization of NPC dynamics. This assay involved tagging
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nup with an epitope that can undergo recombination induced tag exchange (RITE)
(Verzijlbergen et al., 2010). The template has two tags in tandem and therefore all protein
synthesized prior to induction of recombination will express only tag 1, in this case GFP. Once
the recombination is induced, the tagl is lost and all newly synthesized proteins will contain
tag2, here an RFP (Terweij et al., 2013). Recombination is induced by addition of B-estradiol,
since the recombinase is fused to human estradiol binding domain (EBD). The switching of tag
is a permanent change at the genetic level, thereby allowing a clear observation of old and new

pool of protein tagged with a RITE epitope.
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Figl1. Schematic representation of RITE in Nup157

We standardized the experiment and confirmed functionality of the tag in wild type cells. Cells
expressing Nup157 tagged with GFP to RFP convertible tag imaged prior to recombination
show typical ring like distribution along NE (Figl2A- columnl). Once the switch was induced
by addition of B-estradiol, we began to see new protein synthesis and red fluorescence started
to appear at the NE and eventually all the old, green fluorescing Nup157 was replaced with
new, red fluorescing Nupl57 protein (Figl2A- column 2,3). The old-green, and newly
synthesized-red proteins were distributed evenly as represented in the graph below the image.
In the uip4A, at the start the green fluorescing Nup157 at periphery showed clustering (Figl12B-
column 1). As the new protein was being synthesized after recombination, it also began to
accumulate at the NE and more clusters appeared over time (Figl2B- column 2,3). This is clear

from the intensity plot of the ‘new’ pool of Nup157, shown in red (Fig12B- column3)
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Figl2. NPC aggregation is a consequence of assembly defect in uip4A.
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A, B. The micrographs represent localization of old (green) and new (red) Nup157 in wild type
(A) and uip4A (B) cells. Cell shown in first column of A and B is captured before induction of
recombination. The plot below the images shows relative intensity and distribution of the green
and red signal along the NE. Dotted white line corresponds to outline of the cell under
inspection; AU- arbitrary unit C. Images of a region (SumX5um) cropped around the nucleus

of wild type and uip4A cells after recombination is shown.

So, while in wild type we see the new signal accumulation only at the NE, in the uip4A we find
cells that retain the newly synthesized protein in the cytosol for longer (Figl2C). This
strengthens the notion that the cytosolic spots seen in the cells lacking UIP4 indeed represent

the assembly intermediates.

uip4A cells are defective in nuclear import

The NPC functions as a gate for protein import into the nucleus. NE serves as a selective barrier
between cytoplasm and nucleoplasm. In order to check the integrity of NE and functional
competence of the nuclear pores, we tested the nuclear import capability of cells lacking UIP4
using NLS-GFP construct (Stade et al., 1997). Wild type and uip4A were transformed with a
large 2X-GFP bearing NLS so that it doesn’t enter or exit the nucleus by diffusion. In a cell

with functionally competent NPCs, upon transformation, the translated construct is retained
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inside the nucleus. On the other hand, if the NPCs are dysfunctional, the construct will not be
imported and GFP signal is observed in the cytosol and as such the ratio of nuclear and
cytosolic GFP intensity under normal and impaired import will be different. Wild type cells
accumulated NLS-GFP in the nucleus efficiently as evidenced by a bright nuclear fluorescence
(Figl3A). However, loss of UIP4 showed a defect in the nuclear import of NLS-GFP in about
one fourth of the population (Figl3A). The ratio of GFP intensity in the nucleus vs cytosol was
used to quantify the nuclear import (Figl3B). This indicates a compromised nuclear

permeability barrier upon loss of UIP4.
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Figl3. uip4A are defective in retention of NLS-GFP in the nucleus
A. The micrographs representative of wild type and uip4A cells expressing NLS-GFP plasmid
are shown. B. Distribution of GFP in nucleus vs cytosol of wild type and uip4A cells was
quantified based on mean fluorescence intensity of GFP and is shown as box plot (n~30).
Horizontal line represents median ratio.

3.3 SUMMARY

Wild type cells have a spherical nucleus, but UIP4 deletion mutants have abnormal nuclear
shape. The quantification of abnormal shape is represented as the fraction of cell population
showing deviations from the wild-type like morphology. We also investigated the effect of this
on distribution and function of NPCs. We used various microscopy based approached such as
live cell imaging, indirect immunofluorescence and transmission electron microscopy to
confirm the altered nuclear shape and NPC aggregation in uip4A. Additionally, we also observe
a mislocalization of nucleoporins. Along with co-aggregation at the NE, we also observe that
in case of uip4A cells, the cytosolic spots also have more nucleoporins from various sub
complexes. We answered an important question about the molecular nature of these nup
containing puncta by combining the power of yeast genetics and imaging techniques, we used

recombination induced tag exchange to monitor the dynamics of NPC clustering in wild type
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and uip4A cells. Our results show that NPC clustering and mis-localization is a result of delayed
integration of NPC into the NE in cells lacking UIP4. This shows that in the absence of Uip4
NPCs fail to distribute properly along the NE and this results in deficient NPC function.
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CHAPTER 4 REGULATED EXPRESSION OF UIP4
IS CRUCIAL FOR NUCLEAR PORE COMPLEX
FUNCTION

4.1 OVERVIEW

Regulated gene expression is a critical driving force in establishing cellular homeostasis. The
expression of lamins is tightly regulated in a cell (Dechat et al., 2010). The relative amounts of
lamin A/C and lamin B impact nuclear flexibility and genomic plasticity. The levels of lamins
in a cell are modulated during development and differentiation (Manley et al., 2018). For
example, mesenchymal stem cells alter the lamin composition and nuclear shape to regulate
bone tissue homeostasis. Lamin A levels remain low during early development but increase
during osteogenic differentiation (Alcorta-Sevillano et al., 2020). However, altering the lamin
profile also alters genome organization, which, in turn, changes expression pattern of genes
involved in the various physiological processes and nucleo-cytoskeletal interactions (Guerreiro
and Kind, 2019; Fracchia et al., 2020). The overexpression of SUN2, an INM protein in
metazoans, induces lobulation of nuclei, which blocks infection by HIV by affecting early
events between reverse transcription and viral entry into nucleus (Donahue et al., 2016). In
budding yeast also various studies have reported abnormal nuclear morphology upon
overexpression of genes essential for sustenance of nuclear form and function. Nuclear
membrane extends dramatically towards the cytoplasm resulting in formation of ‘escapades’
upon Escl overexpression (Hattier et al., 2007). Similar nuclear dysmorphia is observed when
INM proteins Hehl, Heh2 or Prm3 are overexpressed (Hattier et al., 2007). Apart from the
nuclear proteins, overexpression of ER proteins also affects nuclear morphology. Membrane
stacks referred to as ‘karmellae’ have been seen upon overexpression of NE/ER protein- HMG
CoA reductase type I (Wright et al., 1988). NE sheets extending inwards can be seen upon
BRL1 overexpression (Zhang et al., 2018). Brl1 is an ER protein that transiently associates with
NPCs along with Brr6 and Apql2 and promotes NPC biogenesis. Such intranuclear
proliferation of membrane is also observed upon overexpression of nucleoporin Nup53

(Marelli et al., 2001).
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Since loss of UIP4 compromised function of NPCs, we wanted to test if Uip4 interacts with
nucleoporins or other NE proteins that contribute to NPC stability. We addressed this by some
loss of function studies in known NPC assembly mutants. The classical genetic approach for
exploring biological pathways typically begins by identifying mutations that cause a phenotype
of interest. So, we compared the clustering and mislocalization of nups, in the double mutants
with the UIP4 single mutant. In addition to the traditional loss-of function or deletion studies,
mutant phenotype can also be a result of overexpression or misexpression of the wild type
gene. This provides an alternative yet powerful tool to identify pathway components that might
remain undetected otherwise (Prelich, 2012). For instance, loss of Escl does not affect nuclear
morphology but its overexpression does (Hattier et al., 2007). We used Uip4 OE as a tool to
evaluate phenotypes. We tested localization of other components of the NPC. We studied the
distribution of an FG Nup- Nup60, inner ring components- Nupl57 and Nupl88, and a
transmembrane Nup- Pom33. The growth of yeast cells as a measure of fitness is usually used
to dissect functional interaction between genetic pathways. Our results are indicative of a
genetic interaction between UIP4 and NUPs suggesting a functional connection between the
two. Both uip4Anupl157 and uip4Apom34A display a higher NPC aggregation and nuclear
import defect compared to uip4A. This shows that presence of Uip4p is required to ensure

proper distribution of functional NPCs at the NE.

4.2 RESULTS

UIP4 shows genetic interaction with nups

To see if there is a genetic interaction between Uip4 and nups, we created double mutants of
UIP4 with POM34 and NUP157. Pom34 is one of the three primary transmembrane nups in
yeast (Strunov et al., 2011). Pom34 is important during the NPC biogenesis whereas Nup157
is required for ensuring proper assembly of pores at later stages (Makio et al., 2009). We find
that neither the single mutants, nor the double mutants showed any growth defect under normal

growth conditions (Figl4A, B).
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Figl4. Genetic interaction of UIP4 with nups
A. Overnight cultures of the indicated strains were taken and sub-cultured by inoculating equal

number of cells in a fresh medium for 4 hours. Cells were then harvested and 5ul of 10-fold dilutions
were spotted on a SC-plate. The plates were incubated at 30°C for 2 days prior to imaging.
B. Overnight cultures of the indicated strains were taken and sub-cultured in to fresh medium at 30°C.
0OD600 was recorded every 90min and plotted. Three biological replicates were used. Error bars
represent SEM.

Next, we tested NPC associated phenotypes. We transformed the double mutants with Nup49-
GFP plasmid and imaged the cells (Figl5A). Both uip4Anup157 and uip4Apom34A display a
higher NPC aggregation and nuclear import defect compared to uip4A (Figl 5B, C). This shows
that presence of Uip4p is required ensure proper distribution of functional NPCs at the NE.
Interestingly we see that the cytosolic spots of Nup49 are higher than the uip4A only in
uip4Anup157 and not in case of uip4Apom34A (Fig15D). This could be due to the reason that
Pom34 is important for NPC biogenesis whereas Nup157 is required for proper assembly of
pores. Thus, it is possible that Uip4 is involved in a later stage of NPC assembly rather than
biogenesis. Our results are indicative of a genetic interaction between UIP4 and NUPs

suggesting a functional connection between the two.
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Figl15. Loss of nups has an additive effect on defect exhibited by uip4A
A. The micrographs are representative of the Nup49-GFP distribution as seen in the labelled strains.

Various NPC associated phenotypes were quantified in the indicated strains and are plotted as shown
in - B. Aggregation index. C. Nuclear retention of NLS-GFP D. Fraction of cells with cytosolic spots
of Nup49 GFP

Overexpression of Uip4 exacerbates structural deformities of the NE

In order to further explore the interaction between Uip4 and nups, we combined genetic
analysis with overexpression studies. We tested the effect of enhancing Uip4 expression in
yeast cells. In order to do so, UIP4 was expressed from a constitutively active strong promoter-
pGPD. We confirmed this overexpression of Uip4 by western blot and as shown in Figl6A,
the expression of Uip4 is much higher. We then assessed the growth of cells over producing
Uip4 since overexpression of proteins is sometimes toxic to the cells. (Figl6B, C).

Overexpression of Uip4 did not have any negative effect on the mitotic division (Figl6C).
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Figl6. Overexpression of UIP4 is not toxic to the cells
A. Western blot showing expression of Uip4 from endogenous (lane 1) and strong (lane 2) promoter
is presented. Actin is used as a loading control for protein level. B. Overnight cultures of the indicated
strains were taken and sub-cultured by inoculating equal number of cells in a fresh medium for 4
hours. Cells were then harvested and 5pul of 10-fold serial dilutions were spotted on a SC-plate. The
plates were incubated at 30°C for 2 days prior to imaging. B. Overnight cultures of the indicated
strains were taken and sub-cultured in to fresh medium at 30°C. OD600 was recorded every 90min
and plotted. Three biological replicates were used. Error bars represent SEM.

We performed additional growth experiment to test genetic interaction of U/P4 with nups. The
overexpression of Uip4 did not have any effect on growth of either wild type or nup deletion
mutants at low or normal growth temperature (Figl6-B, 17). But overexpression of UIP4
reduced the ability of nup157A and pom34A to grow at high temperature (Figl7). This negative
genetic interaction suggests that UIP4 plays a cooperative role with nups in a parallel process

which is essential for growth at elevated temperature.

Wild type
nupl57A
nup157Auip4A
nupl57A UIP4 OE
pom34A

pom34Auip4A

pom34A UIP4 OE

Figl7. Overexpression of UIP4 in combination with loss of nups renders sensitivity to
high temperature
Overnight cultures of the indicated strains were taken and sub-cultured by inoculating equal number
of cells in a fresh medium for 4 hours. Cells were then harvested and 5ul of 10-fold serial dilutions
were spotted on a SC-plate. The plates were incubated at 30°Cand 37°C for 2 days, and at 16°C and
39°C for 4 days prior to imaging.
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To confirm if the altered shape and cytosolic spots of Nups seen in uip4A cells are indeed due
to loss of UIP4, we complemented the wild type cells with a single copy of UIP4. We found
that NPC defects seen in uip4A could be restored to those seen in wild type cells (Chapterl,
Fig7D). Surprisingly, we found that the defects were exacerbated when Uip4 was overproduced
unlike complementation with one extra copy (Figl8). Yeast cells bearing GFP tagged protein
were co-transformed either with empty pBEVY-L vector or UIP4-pBEVY-L for
overexpressing Uip4. Nuclear shape changes and NPC clustering could be seen in live cells
(Fig18). As both loss and overproduction of Uip4 led to distorted nuclear envelope architecture,
it appears that the levels of Uip4p are important for regulating its function at the nuclear

envelope.
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Fig18. Elevated expression of UIP4 exacerbates nuclear deformities
A, B. The micrographs representative of GFP-Escl and Nup49-GFP localization respectively in wild
type and uip4A cells are shown. DAPI is used as nuclear stain. C. Histogram showing fraction of cells
with abnormal nuclear shape (Esc1) and clustering of NPCs (Nup49) is plotted. Error bars show SEM.
D. Histogram showing fraction of labelled wild type and uip4A cells with cytosolic spots of Nup49 is
presented (n~200). E. Histogram showing fraction of cells with clustering and mislocalization of
indicated nup is plotted. Error bars show SEM. F. The micrographs representative of Nup157-GFP
(green) localization in wild type and uip4A cells are shown. DAPI is used as nuclear stain

Validation of Nup157 localization upon Uip4 OE using nanobody labelling

Over expression of UIP4 results in clustering and mislocalization of various nups. We observed

non-nuclear localization for Nup157 and reduced fluorescence intensity. In order to get better
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localization precision, GFP nanobodies coupled to organic fluorophore targeted to Nupl157
were used. Nanobodies are single domain-based antibodies, much smaller than the primary and
secondary antibodies, that can be expressed in an E. coli based expression system. In a
conventional confocal system, the localization of molecules cannot be determined precisely
due to overlapping point spread functions of fluorophores. To overcome this, Rust et al (2006)
introduced a technique based on blinking on fluorophores. This is referred to as STochastic
Optical Reconstruction Microscopy (STORM). In this method, fluorophores are forced into a
dark state by addition of a reducing agent in the imaging buffer. These fluorophores then return
to the excited state stochastically or can be then turned ‘on’ by using a 405nm activation laser.
The structure is then determined by fitting a gaussian to the centroid of all the localization
points. The following work was done at the laboratory of Dr. Helge Ewers at FU, Berlin. The
labelling strategy was adopted as described in Ries et al., 2012. Mid-log phase cells were fixed
using PFA (4% paraformaldehyde, 2% Sucrose). The membranes were permeabilized by
treating fixed cells with 0.25% triton. Anti-GFP nanobody conjugated to Alexa 647 was added
to the cells. The cells were imaged using Bruker Vutara. GLOX (Glucose Oxidase) buffer with
B-mercaptoethanol was used during STORM imaging. The localizations acquired were
visualized using the SRX software. The images shown below represent the depth coded signal
corresponding to Nup157-GFP. A previously shown, the NPCs were distributed evenly around
the NE in case of wild type cells. Upon Uip4 OE, this distribution becomes asymmetric and
Nup157 can be found in these clusters. Apart from this, Nup157 is also found in cytoplasmic

regions. These non-nuclear spots could be a result of incorporation defect into NPCs.

Uip4 OE

Nup157-GFP

Fig19. UIP4 OE causes redistribution of Nup157
The micrographs representative of Nup157 localization under endogenous and elevated
expression of Uip4 are shown. Blue and white arrows represent mislocalized and clustered
Nup157 respectively.
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Blocking autophagy partially ameliorates the NPC associated defects observed upon
UIP4 OE

From the imaging experiments we found that overexpression of Uip4p resulted in severe
mislocalization of Nup157p (Figl8E). The signal intensity for Nup157-GFP was also greatly
reduced (Figl8F, Figl9). Therefore, the levels of these proteins were checked under altered
Uip4 levels. Under deletion of UIP4, the levels of Nupl57 were found to be unaffected
(Fig9D). However, under overexpression of Uip4, the levels of Nup157 were greatly reduced
(Fig20A, B). The reduction of Nup157p levels explains the low intensity of the signal during

live cell fluorescence imaging.

For most large protein complexes, small subunits or individual components undergo turnover.
Unintegrated nucleoporins are believed to be subjected to degradation (Toyama et al., 2013).
We wanted to check if the degradation of Nup157 is prevented by blocking autophagy and
whether the localization of Nup157 is restored. Blocking autophagy per se does not affect the
localization of Nupl57 (Fig20C, left). We monitored the localization of Nup157-GFP by
fluorescence microscopy in live cells and found that over expression of Uip4 in atg/A prevents

mislocalization of Nup157 by reducing the degradation of Nup157 (Fig20C).
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Fig20. Blocking autophagy prevents Nup157 degradation and mislocalization
A. Western blot analysis was done to compare the expression levels of Nup157 in the indicated strains
harvested from mid-log phase. a-GFP was used to detect endogenously tagged Nup157 and tubulin is
the loading control. Total protein in the membrane is stained with ponceau. B. The quantification of
Nup157 expression normalized to tubulin is compared between the indicated strain. Error bars show
SEM. C. The micrographs representative of Nup157-GFP (green) localization in wild type and upon
Uip4 OE in autophagy defective cells are shown.
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4.3 SUMMARY

We found that the NPC localization and NE morphology defects were exacerbated when Uip4
was overproduced. As both loss and overproduction of Uip4 led to distorted nuclear envelope
architecture and defective protein import function, it appears that the levels of Uip4p are
important for regulating its function at the nuclear envelope. Cells with deletion of either
NUP157 or POM34 overexpressing UIP4 were highly sensitive to elevated growth temperature
We report that if the macroautophagy is blocked by deletion of atg/A, then the degradation and
severity of Nupl57 mislocalization reduces. Taken together, these results suggest that the

dosage and distribution of Uip4 is critical for its function in budding yeast.

In the absence of Uip4, the NPC assembly is compromised and as such the nucleoporins stay
in the cytosol for longer. These cytosolic spots of nups are integrated in to the NE overtime.
Thereby suggesting that NPC assembly is compromised in uip4A. When Uip4 is overexpressed,
we see increased abundance in the cytosolic pool of nups along with degradation of Nup157.
This phenotype could be a result of either aggravated NPC assembly defect or compromised
stability of assembly intermediates. While we cannot yet delineate the exact mechanism, our
results suggest that the dosage and distribution of Uip4 is critical for its function in budding

yeast.

As mentioned in the introduction, overexpression of various nuclear and ER proteins disrupts
nuclear morphology. In many such cases reduction and increased expression of a protein have
similar phenotype. For instance, abnormal nuclear morphology is reported in various
mammalian cell types upon both overexpression and deletion or depletion of integral INM
protein SUN2 (Donahue et al., 2016; Lahaye et al., 2016). Altered SUN2 expression affect
nuclear envelope morphology, nuclear organisation and thereby susceptibility to HIV infection
(Lahaye et al., 2016; Bhargava et al., 2021). Although the exact phenomenon is not known, it
is believed that these seemingly similar phenotypes are exhibited by different underlying
mechanisms (Bhargava et al., 2021). As both loss and overproduction of Uip4 led to distorted
nuclear envelope architecture and defective protein import function, it appears that the levels

of Uip4p are important for regulating its function at the nuclear envelope.
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CHAPTER S CHARACTERIZATION OF
LOCALIZATION AND EXPRESSION OF UIP4

5.1 INTRODUCTION

Under normal growth, yeast encounters starvation like conditions when all the glucose in the
media has been consumed. A lot of metabolic conditioning ensures that the cell stays viable
under such nutrient-limiting conditions (Galdieri et al., 2010). The shift from anaerobic
(fermentable) to aerobic (respiratory) growth upon exhaustion of glucose under the standard
laboratory growth conditions is referred to as diauxic shift (Perez-Samper et al., 2018). As the
cells cross diauxic phase, genes that offer protection from metabolic stress are upregulated
alongside activation of starvation induced autophagy (Howell and Manning, 2011; Miiller et
al., 2015). The movement and utilization of metabolites is also remodelled. Phosphatidic acid
is utilized for synthesis of storage lipid- triacylglycerol, rather than conversion to membrane
phospholipids (Romanauska and Kohler, 2018; Kwiatek et al., 2020). Such storage lipids are
then packaged in lipid droplets and mobilized to various intra-cellular destinations (Wang,
2014). The cell organelles also undergo structural and functional alterations (Sun and Gresham,
2021). For instance, the number and size of mitochondria increase when the demand for
respiratory processes increase in stationary phase (Dakik and Titorenko, 2016; Eiyama et al.,
2013). The vacuole of metabolically aged cells grows as result of fusion (Baba et al., 1994;
Aufschnaiter and Biittner, 2019). Membranous contact between organelles namely nucleus-
vacuole junction (NVJ) and ER-mitochondria encounter structure (ERMES) also expand
during starvation or nutrient limiting conditions such as in stationary phase (Helle et al., 2013;

Honscher et al., 2014; Kohler and Biittner, 2021).

When yeast cells are exposed to nutrient limiting conditions, they undergo a transcriptional and
translational reprograming that brings about the aforementioned changes. Nutrient sensing in
yeast is regulated by various pathways operating in concert with each other (Jalihal et al., 2021;
Argiiello-Miranda et al., 2018). Three main pathways involving the protein kinases PKA, TOR
and Sch9 integrate the nutrient sensing cues from the growth medium in a Rim15 dependent
manner (Toda et al., 1988; Rolland et al., 2002; Swinnen et al., 2006). Rim15 is a glucose-
sensing protein kinase required for entry of cells into stationary phase (Reinders et al., 1998).

Activation of Rim15 under nutrient depletion and stress conditions regulates growth and
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controls gene expression in a Msn2/4 and Gisl transcription factor dependent manner
(Martinez-Pastor et al., 1996; Pedruzzi, 2000). Genes regulated by Msn2 and Gisl offer

protection against stress and are usually involved in lifespan extension (Medvedik et al., 2007).

Nutrient availability

IO\

RAS/PKA  Sch9 TOR
Riml5
Gisl Msn2/4

Fig21. Flow chart showing nutrient sensing pathways in yeast

In this chapter we further describe the results that show Uip4 expression is induced under
nutrient limiting conditions. Modulating carbon source, nitrogen availability, cellular energy
state and pH of growth media impact Uip4 expression. We show that the expression of Uip4
during transition from abundant to limiting nutrient availability is controlled by transcription
factors Msn2 via the Rim15 kinase. Further, this regulated expression of Uip4 is essential for

nucleus-related functions and ensuring long term viability of cells.

5.2 RESULTS

Uip4 expression is induced upon entry to stationary phase

Indirect immunofluorescence was done in cells expressing Uip4-13xMyc. Uip4 harbors an N
terminal Early Set glycogen binding domain (1-87aa) and a MDN1 superfamily midasin
domain (73-271aa) (Marchler-Bauer et al., 2011). It lacks a transmembrane membrane domain
but has a KKXX (*’KKLL*% motif, suggesting potential ER membrane retention. In
consonance with the presence of KKLL motif, Uip4 localizes to two prominent rings

resembling ER distribution (Figure 22 and Thesis- Dr. Imlitoshi Jamir).
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Pdi1 Uip4 Merge

Fig22. Uip4 localizes to NE/ER
The micrograph shows deconvolved image of a cell representative of Uip4 localization.
Indirect Immunofluorescence was done to determine Uip4 localisation in fixed cells. a-Pdi
was used to mark ER. a-myc was used to probe Uip4 fused with 13-myc epitope.

We observed that Uip4 expression between cells varied and therefore wanted to test if the
expression and/or localization of Uip4 changes based on the metabolic status. We harvested
wild type cells having UIP4-13MYC tag and compared the level of protein expression between
cells in mid-log versus stationary phase. We observed a higher expression of Uip4 in cells
harvested from stationary phase as compared to those in mid-log phase (Fig23A). Uip4 is
expressed at almost 6-8 times higher level during stationary phase (Fig23B). Next, we
compared the localization of Uip4 in cells during mid-log phase and those in stationary phase.
Consistent with increased expression, we observed a brighter signal for Uip4. Uip4 was
localized exclusively to ER (Fig23C). Additionally, we did not see any overlap between non-
nuclear associated Nspl and Uip4 (Fig23C, arrow). This suggests that Uip4 does not directly

associate with the nucleoporins.
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Fig23. Uip4 expression is higher in stationary phase of growth
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A. Western blot analysis was done to compare the expression levels of Uip4 in the cells
harvested from mid-log phase (OD 600 0.8) and stationary phase (OD g0 2.0). a-myc was used
to detect Uip4-13myc. a-actin was used to detect actin for loading control. B. The
quantification of Uip4 expression normalized to actin is shown between log and stationary
phase. Dark green line shows the average of three individual experiments shown in light
green. C. The micrograph shows an image panel of a representative of Uip4 localization.
Indirect Immunofluorescence was done to determine Uip4 localisation in cells fixed at
stationary phase. a-Nspl was used to mark NE/nups. a-myc was used to probe Uip4 fused
with 13-myc epitope. Yellow arrows mark non-nuclear spots of Nspl1.

UIP{ is essential for pore complex function during stationary phase

Wild type cultures from stationary phase of growth also have cytosolic presence of nups that
display foci like distribution distinct from the NE (Fig23C). Similar to the cells from log phase
culture, we observed increased number of cells showing cytosolic foci of Nup49 in stationary
phase as well, for uip4A (Fig24A). This indicates that Uip4 could be important for NPC
distribution particularly during stationary phase. To assess this further, we looked at the NE
integrity by import of NLS-GFP. Fluorescence imaging indicated an overall reduction in the
signal intensity for cells harvested during stationary phase for both wild type and uip4A
(Fig24B) Western blots also confirmed the lower level of NLS-GFP expression in both cells
harvested from stationary phase as compared to those harvested in log phase (Fig24C). In
addition to defective nuclear import, in uip4A cells the expression level of NLS-GFP was lower
than respective wild type in all stages of growth (Fig24B, C). Importantly, in the stationary
phase, the reduced NLS-GFP signal was almost entirely nuclear in wild type cells. But in uip4A
the NLS-GFP signal was either from dead cells or whole cells, and hardly any cells showed

nuclear accumulation, indicating a more compromised NPC function and cellular health.

>

Stationary

B o C
Wt uip4
%0 Log St Log St
40 Wt 9 -75kDa
30 ’ GFp |- - e
20
B-actin -42kDa
LI LI
Log/St 6.61 5.91

o 1
Log Log
w
NLS-GFP

Stationary
Nup49-mCherry

% cells showing cytosolic spots

Stationary

T uip4A

Fig24. Loss of UIP4 shows dramatic phenotype in stationary phase
A. The bar graph represents the fraction of cells in the indicated strain harvested from either
mid-log or stationary phase showing cytosolic spots of GFP-Nup49. ~100 cells from 2
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independent experiments were counted. B. Live cell imaging was performed in Wt and uip4
cells bearing NLS-GFP plasmid harvested from either mid-log or stationary phase. The
overlay images showing NLS-GFP (green) and Nup49-mCherry (magenta) are indicative of
the observation. Scale-5pum C. Western blot showing protein level of NLS-GFP detected
using o-GFP is shown for wild type and uip4A cells harvested from log and stationary (St)
phase. The quantification of the NLS-GFP in Log/Stationary phase is shown (Average of 2
independent experiments). Actin is used as a loading control.

UIP{ is essential for viability of non-dividing yeast population

In order to test the significance of Uip4 induction in stationary phase, we looked at the survival
of wild type and uip4A cells in the post-mitotic state. First, we quantified the fraction of dead
cells in the two strains by staining with trypan blue. The uptake of dye by dead cells is used as
a measure to distinguish live and dead fraction (Liesche et al., 2015). We found that a higher
fraction of uip4A cells stained with trypan blue as compared to wild type cells where the dye
was entirely excluded from cells harvested from an overnight culture (Fig25A). A 1 day old
culture of uip4A cells had ~4% of cells that stained positive with trypan blue. To confirm that
dye exclusion is actually due to reduced viability and not due to compromised cell wall
function, we also assessed the growth of these cells as they were aging. CFU/ml (Colony
forming units) for each strain was quantified and normalised to the number of survivors for a
1 day old culture. The fraction of survivors was calculated for each strain and we find a
remarkable difference in the viability between wild type and uip4A cells as the number of days
increase (Fig25B). There are significantly reduced survivors in uip4A as the cells age. These

results indicate a reduced capacity of uip4A cells to survive in the post-mitotic phase.
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Fig25. Old uip4A cells have reduced viability
A. The plot represents the fraction of cells in the indicated strain that stained positive for
trypan blue. The dark lines are the average for each strain. Values from independent
experiments are shown in faint lines. B. The fraction of cells surviving in the indicated strains
as the cells aged is plotted.

Several genes required for stationary phase survival are also required during thermal stress
(Sun and Gresham, 2021). Since Uip4 was expressed more in cells harvested at stationary phase
and cells lacking UIP4 showed reduced survival, we checked the sensitivity of uip4A to growth
at high temperature. Equal number of wild type and uip4A cells were spotted on SC plate and
then grown in either 30°C or 39°C. We find that loss of UIP4 had a negative impact on the
growth at 39°C. Taken together, these results suggest that elevated expression of Uip4 in late

stages of growth is important for cell survival and function.
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Fig26. uip4A cells have reduced viability at high temperature.

Overnight cultures of the indicated strains were taken and Sp of 10-fold serial dilutions were spotted
on a SC-plate. The plates were incubated at either 30°C or 39°C.

Glucose exhaustion and nutrient limitation induces Uip4 expression

We found the Uip4p levels to be lowest during log phase when the cells are actively dividing
and highest during the stationary phase when the growth is seized. We then quantified the
expression of Uip4 from cells harvested during different points. We measured the OD600 of
the culture and plotted the growth curve to know the growth phase (Magenta curve).
Corresponding to the marked points, we determined the protein level of Uip4 (Green curve).
Our results reveal that Uip4 expression varied depending on the growth stage. Uip4 is highly
expressed during the stationary phase of cells whereas the expression is kept minimal during
log phase when the cells are actively dividing. We then quantified the abundance of UIP4
transcripts by quantitative RT-PCR. As controls, we tested the transcriptional status of 47GS,
an autophagy related protein and NUP/57, a nucleoporin. Autophagy is induced upon glucose

depletion and entry into stationary phase while the expression of nucleoporins remains fairly
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unchanged (Galdieri et al., 2010; Toyama et al., 2013). As anticipated, we find that levels of
NUP157 mRNA do not alter much between log (OD 600- 0.8) to stationary phase (OD 600-
3.0) while transcription of A7GS is induced. UIP4 mRNA increases several folds as the cells
exit exponential growth phase and enter stationary phase. Our results suggest that expression

of Uip4 is transcriptionally regulated.
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Fig27. Uip4 is highly expressed in stationary phase cells
A. The plot shows the expression of Uip4 during the growth stages. The curve in magenta
shows the growth of yeast cells (Y-axis: right, magenta). The level of Uip4p corresponding to
the marked time point is shown in green (Y-axis, left). Increased expression is concomitant
with entry into stationary phase as highlighted. B. The plot shows mRNA levels of genes as
displayed. Fold change in mRNA levels obtained by qRT-PCR analysis is shown in Y-axis.
ACT]1 was used as control. The dark lines are the average for each strain. Values from
independent experiments are shown in faint lines.

We then asked if Uip4 levels are regulated depending on the available glucose in the media.
To check this, we tested Uip4 levels in cells shifted to media containing low glucose. We find
the Uip4 levels to increase when the cells were shifted to media containing lower than 2%
glucose and reduce when shifted to higher glucose concentration. We therefore went on to
check if Uip4 levels increase specifically in response to carbon limitation or also in any other
nutrient limitation. We subjected cells harvested from log phase grown in 2% glucose
containing media to various nutrient limiting conditions viz carbon starvation (0.75%YNB,
0.05% glucose), N- starvation (0.17%YNB, 2% Glucose), addition of Rapamycin(0.2pg/ml)
to growth media and resuspending cells in water. Uip4 levels remain unchanged when left in
water, even until 60 hours. On the other hand, C or N starvation induced Uip4 expression. A
greater induction was observed upon N starvation as compared to C starvation. Addition of

Rapamycin resulted in an even higher induction of Uip4 expression.
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Fig28. Uip4 expression goes up during nutrient limiting conditions
A. Western blot showing the expression levels of Uip4 in the cells harvested from mid-log
phase and transferred to a media containing indicated glucose concentration for 3 hours is
presented. 1:2 and 1:4 dilution of lysate from culture grown in 0.5% glucose containing
media are shown for better comparison. B. Western blot shows the expression levels of Uip4
in the cells harvested from mid-log phase and transferred to a media lacking either N source
(-Nis 0.17%YNB, 2% Glucose) or carbon source (-C is 0.75%SC, 0.05% Glucose) for 3
hours. UT- untreated cells C. Western blot showing the expression levels of Uip4 from the
cells harvested from mid-log phase and then transferred either to a fresh media containing
rapamycin or just resuspended in water for indicated time. UT- untreated cells D. The
quantification of Uip4 expression normalized to actin is shown. Error bars are SEM and p-
values are indicated.

Growth in alternate carbon sources enhances Uip4 expression

Yeasts are facultative anaerobes. In the laboratory conditions, yeasts utilize glucose as the
primary source of energy and grow exponentially while fermenting glucose that produces
ethanol and acetate (Galdieri et al., 2010). Once the glucose in the medium is depleted, they
undergo a short lag phase and begin to utilize ethanol and acetate from the medium released
during the process of fermentation (Gray et al., 2004; Perez-Samper et al., 2018). After this,
they enter a state of quiescence that is referred to as stationary phase (Gray et al., 2004; Sun
and Gresham, 2021). The cells undergo a considerable amount of change in total protein and
transcript pool. Several proteins expressed largely during post diauxic shift and in stationary
phase resemble those expressed under stress such as thermal, osmotic or nutrient (Gasch et al.,

2000; Galdieri et al., 2010).

Next, we checked if the Uip4 levels were also increased when the cells were shifted to
alternative carbon sources. We find that growing wild type cells in any alternate carbon source
other than either glucose or sucrose results in increased Uip4 expression (Fig29A, B). In fact,
the expression was higher in non-fermentable carbon sources that require active respiration and

mitochondrial function (Fig29, B).
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Fig29. Uip4 expression varies in alternate carbon sources
A. Western blot showing the expression levels of Uip4 in the cells harvested from mid-log
phase and transferred to a media containing indicated carbon source for 5 hours is presented.
B. The quantification of Uip4 expression normalized to actin is shown. Error bars are SEM
and p-values are indicated.

Uip4 is upregulated by the transcription factor Msn2 via Ras/PKA and Sch9 kinase
pathway

Genes expressed specifically under particular conditions are regulated by one or more
transcription factors that bind to defined sequences or known motifs in their promoter (Hahn
and Young, 2011). To understand if such regulatory control operate in the expression of Uip4p,
we analysed the promoter of UIP4 for transcription factor binding sites using the Promoter
Analysis tool of Yeastract (Monteiro et al., 2020). We found various possible binding sites for
transcription factor Msn2 and Gisl as shown in Fig30. Both of these are implicated in
upregulation of stress responsive genes in stationary phase of yeast growth (Pedruzzi, 2000;

Durchschlag et al., 2004).
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Fig30. Schematic showing Msn2 and Gis1 binding regions on UIP4 promoter

We tested the level of Uip4 in cells harvested from stationary phase lacking one of these
transcription factors (Fig31). Apart from Msn2 and Gisl, we also measured Uip4 expression
in the absence of Msn4. Msn4 is also a stress responsive transcription factor, with several

overlapping targets with Msn2 (Martinez-Pastor et al., 1996). We find a greater downregulation
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of Uip4p in msn2A as compared to either msn4A or gisIA (Fig31A, B). We also confirmed the
downregulation at the transcript level by performing quantitative RT-PCR. The abundance of
UIP4 mRNA in msn2A is highly reduced as compared to the wild type cells (Fig31C). Since
the activity of Msn2 is largely dependent on the upstream kinase Rim15, we asked if the
downregulation is mediated via Rim15. However, we only find a modest reduction in the Uip4
expression in rimI5A (Fig31A, B). Likewise, the transcript levels also do not change much as
compared to the wild type (Fig31C). This hints towards Msn2 mediated Uip4 regulation by

other upstream regulators.
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Fig31. Uip4p expression is regulated by MSN2
A. Western blot showing the expression levels of Uip4 in the indicated mutants in cells
harvested from stationary phase. B. The quantification of Uip4 expression shown in panel A,
normalized to actin is plotted. C. The fold change in UIP4 mRNA in the indicated strains as
compared to that of wild type is shown.

We therefore set out to identify the pathway which regulates the expression of Uip4 post
diauxic shift. In order to do so, we looked at the protein level of Uip4 in various single gene
deletion mutants of key kinases that are implicated in nutrient sensing in yeast (Fig21). In the
absence of either Ras1, a GTPase involved in activation of PK-A, or Sch9 kinase, Uip4 levels
are low as compared to the wild type (Fig32). Our results suggest that TOR mediated signalling
is dispensable for Uip4 expression as we do not see any reduction in Uip4 expression in forlA

when compared to wild type (Fig32).
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Fig32. Attenuation of PKA and Sch9 kinase signalling supresses Uip4 expression
A. Western blot showing the expression levels of Uip4 in the cells harvested from stationary
phase of indicated mutants is presented. B. The quantification of Uip4 expression normalized
to actin is shown. Error bars are SEM.

5.3 SUMMARY

In this part of the study, we have characterized the expression and localization of Uip4p. Wild
type cultures from stationary phase of growth also have cytosolic presence of nups that display
foci like distribution distinct from the NE. The Uip4 signal did not overlap with the cytosolic
spot of Nspl. However, loss of UIP4 compromised NPC function. The Uip4p localization was
largely unaffected during stationary phase, although, a more continuous staining of Uip4 was
present at the NE/ER. The expression of Uip4p was also induced as the cells progressed
towards stationary phase of growth. The identification of stationary phase-specific expression
pattern is corroborated with the necessity of UIP4 for stationary phase survival. While Uip4
appears to be dispensable for mitotic growth, it is important for growth at high temperature and
long-term survival. We found that Sch9 and PKA kinase pathways are important for Uip4
expression. This regulation is partly mediated via the Rim15 kinase as we see only a minor
reduction of Uip4p in rimI5A. This could be due to direct activation of Msn2 via Sch9
(Yorimitsu et al., 2007). The induction of Uip4 in non-fermentable carbon sources, its
regulation by Msn2 and reduced survival in stationary phase and high temperature shows a
pattern similar to those genes that are implicated in adaption to conditions that necessitate
metabolic reprogramming (Rep et al., 2000). However, the exact mechanism and role of Uip4

in this process remains elusive and will require further investigation.
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CHAPTER 6 UNDERSTANDING THE
MOLECULAR FUNCTION OF UIP4

6.1 INTRODUCTION

YPL186C was first identified in a two-hybrid screen for interactors of the deSUMOylase,
Ulplp and therefore called Ulpl interacting protein 4 (Takahashi et al., 2000). There are no
known sequence based homologs of UIP4 (Garapati and Mishra, 2018). Besides, very few
interactors of Ui4p have been reported in literature and therefore the knowledge of its role and

regulation to date is scant.

In order to understand the molecular function of Uip4 and the pathways where it is involved,
we used both genetics and proteomics approach. Yeast-two-hybrid is a powerful tool to screen
for physical interactors (Chien et al., 1991). Novel interactors for a protein of unknown
function can also be identified by using a tagged version of the protein of interest as bait in a
pull-down assay. In order to identify the interacting partners of Uip4 specifically during
stationary phase, a proteomics approach was taken. UIP4 was tagged with SFB (Streptavidin
Flag S-protein) tag at the C terminal (Kumar et al., 2020). Immunoprecipitation was performed

and eluates were analysed by Mass spectrophotometry analysis.

6.2 RESULTS

Identifying interactors via yeast two hybrid

In order to look for physical interactors of Uip4, the yeast-two-hybrid approach was
undertaken. Uip4 was used as a bait by cloning the full length ORF in a GBD vector (pGBD
UC-1). Genomic library cloned in a GAD vector was used. UIP4 was fused to the GAL binding
domain in the pGBKT7 vector and the clone was confirmed by restriction digestion and
sequencing. Self-activation of the clone was tested by co transforming the clone with Empty-
GAD vector. Novel interactors were screened by activation of reporter gene- HIS3 that allowed
growth of transformants on plate lacking the amino acid histidine. Identification of interactor

was done by sequence analysis. The results are represented in the following table.
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Table9: Novel interactors of Uip4 identified via yeast two hybrid screen.

Gene Function (Source: Saccharomyces Genome Database)

PTC3 Type 2C protein phosphatase, role in DNA damage checkpoint inactivation

ISM1 Mitochondrial isoleucyl-tRNA synthetase

YPROSOW Protein of unknown function; exhibits genetic interaction with ERGI11 and
protein-protein interaction with Hsp82p

RPS2 Protein component of the small (40S) subunit; essential for control of
translational accuracy
Subunit of SEACAT, a subcomplex of the SEA complex, SEA is a coatomer-

RTC1 related complex that associates dynamically with the vacuole; has N-terminal
WD-40 repeats and a C-terminal RING motif;

VHS1 Cytoplasmic serine/threonine protein kinase

CEX1 Component of nuclear aminoacylation-dependent tRNA export pathway;
cytoplasmic; interacts with nuclear pore component Nup116p

CSM1 Nucleolar protein that mediates homolog segregation during meiosis

MTH1 Negative regulator of the glucose-sensing signal transduction pathway
Poly(A+) RNA-binding protein; key surveillance factor for the selective

HRBI export of spliced mRNAs from the nucleus to the cytoplasm

GSY2 Glycogen synthase; expression induced by glucose limitation, nitrogen
starvation, heat shock, and stationary phase

FAA4 Long chain fatty acyl CoA Synthase

VPS36 ESCRT II subunit protein

PDH1 Putative 2-methylcitrate dehydrogenase
peripheral membrane protein that localizes to the prospore membrane and at

VPSI3 numerous membrane contact sites, required for mitochondrial integrity

Identifying interactors via pull down followed by MS/MS

In order to find the interacting partners of Uip4, we generated a C-terminal SFB tagged UIP4
construct expressed from its own promoter. This triple tag construct has a S protein and FLAG

epitope followed by Streptavidin binding site. The clone was confirmed by sequencing and
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expression was checked by western blot using Flag antibody. Uip4-SFB fusion construct was

detected at a molecular weight of ~65kDa on a 10% SDS-PAGE using FLAG antibody.
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Fig33. Confirmation of Uip4-SFB expression and IP
A. The western blot shows detection of Uip4-SFB using a-Flag, through various steps of
immunoprecipitation. B. A silver-stained acrylamide gel to confirm presence of purified
interacting proteins of Uip4. C. The eluate was separated by SDS-PAGE and the presence of
protein was confirmed by CBB staining prior to excising and sending for MS/MS analysis.

The pull-down was performed in stationary phase cells as Uip4 is highly expressed in this stage
and the protocol used is described in detail in the methods sections. We obtained diverse
functional interactors. Physical interactome analysis of the strong and moderate interactors of
Uip4 reveals the network map shown in Fig34. Pyruvate metabolism, longevity regulation and
protein processing in ER are some of the prominent functional categories observed. Hsp104,
Ssal, Ssb2 and Cct4 are involved in protein folding whereas Met6, Pdc1, Arcl, Pyc2, Leul,
Pycl and Accl are involved in carboxylic acid metabolism with Pdcl, Pyc2 and Pycll
specifically involved in glucose metabolic process. Uip4 was found to interact with 5 cytosolic
(Ssal, Ssa2, SSsbl, Ssb2, Sz1), 1 ER (Kar2) and 1 mitochondrial (Sscl) HSP70 class of
chaperones. Apart from the HSP70 family, Uip4 also interacts with Hsp104, Hsp60, Hsp78,
Hsc82 and Hsp82. The isoforms Hsp82 and Hsc82 are yeast Hsp90. Of note, we did not find
any interactor identified by yeast two-hybrid in the pull-downs.
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Fig34. Interactors of Uip4 obtained by pull down approach

6.3 SUMMARY

We have identified multiple novel potential functional interactors. The interactors of Uip4 fall
into diverse functional groups. The interactors from two hybrid and pull down could be
categorized into two major functional categories: Protein translation/folding and Carbon
metabolism. Uip4 appears to be involved in pathways that are induced by specific cellular
stresses such as nutrient starvation. However, it is not clear if Uip4 itself acts as a chaperone
to its interacting partners or if it is important for substrate specific chaperone binding. We have
also identified several interesting, novel interactors of Uip4 via a yeast-two hybrid screen
approach. Interactors such as Vpsl3 (Involved in protein targeting to vacuole, localizes to
organelle membrane contact sites), Vps36 (ESCRT II subunit component), FAA4 (Long chain
fatty acyl CoA synthase) etc hint towards involvement of Uip4 in an inter-organellar

communication network.
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CHAPTER 7 SUMMARY

We have identified and reported a novel role of a previously uncharacterized ER protein, Uip4,
in maintenance of nuclear integrity. We demonstrate that dosage of Uip4 is critical for its
function. Both loss and overexpression of Uip4 lead to compromised NPCs with reduced
nuclear import capacities. It is likely that altered Uip4p regulation affects the quality of NE by
causing dysregulation of NPC stoichiometry. The severe clustering of NPCs upon Uip4 OE
could be due to reduced Nupl57p levels. Based on our observation of mis-localized NE
proteins upon either loss or overexpression of Uip4, we hypothesize that Uip4 could be
involved in stabilizing the assembly intermediates of NPC or the entire complex. In the absence
or OE of Uip4, the incorporation of these substrates into the NE/NPC is prevented and these
can be seen in cytosol. Preventing degradation of these Nups by blocking the protein
homeostasis pathways, restores assembled NPC. This suggests that Uip4 is potentially involved
in the quality control of NPC.

Although Uip4 was originally identified in a yeast two-hybrid screen for interactors of Ulpl,
we did not find any positive interaction between Ulp1 and Uip4. Additionally, we did not detect
any nucleoporin or nuclear protein that is known to directly affect NPC function. Taken
together, these results indicate that although the presence of Uip4 contributes positively
towards NPC assembly and stability, this effect is likely to be a consequence of either a

transient association of Uip4 with nups or an indirect association.

Key results:

e Loss of Uip4 results in abnormal nuclear shape, clustering of nuclear pore complexes

at the NE and mis-localization of nucleoporins.

e Over-expression of Uip4 exhibits a dominant negative phenotype. Upon Uip4 OE, the
inner ring nucleoporin Nup157 undergoes degradation. This can be prevented partially

when autophagy is brought down.

e Uip4p is localized to NE/ER and its levels are fairly low during the log phase of yeast

growth and increase as the cells progress towards stationary phase. Uip4 levels also
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increase upon shift from glucose to alternate carbon sources and nutrient limiting

conditions.

e Uip4 expression in controlled by RAS/PKA and Sch9 kinase signalling and the

downstream transcription factor Msn2.

e Majority of the interactors of Uip4 are involved in protein translation regulation,

chaperone like-function and carbon metabolism.
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CHAPTER 8 DISCUSSION

Overall cellular health is an outcome of multiple, dynamic processes that are interconnected.
Organelles have a characteristic shape and must function optimally in order to detect and
respond to nutritional changes. Budding yeast Saccharomyces cerevisiae is particularly
sensitive and adaptable to altered metabolic states. Despite the knowledge of basic structural
components of nuclear envelope, a clear understanding of the mechanisms that contribute
towards the maintenance of shape of NE and integrity associated complexes is lacking. In
particular the dynamic changes in the nuclear shape and organisation associated with altered

metabolic states are poorly understood.

Previous studies have shown that the shape of nucleus and mitochondria changes in response
to nutrient availability. Nuclear geometry- size and circularity, are also reported to change
when carbon source is altered or cells when cells are shifted to starvation inducing media
(Walters et al., 2019, 2012). However, very little is known about the mechanistic basis of
changes in organellar morphology between ‘fed’ and ‘starved’ states. We have found that
expression of Uip4p in yeast is controlled by glucose availability. Overexpression of Uip4
during post-diauxic shift is concomitant with altered nuclear structure and NPC function.
Deterioration of nuclear shape maintenance, irregular NPC distribution, subdued nuclear
permeability and lower long-term survival in cells lacking Uip4 could provide a tantalizing
link between organelle morphology, metabolic sensing and cellular aging. Although we do not
find any direct physical interaction of Uip4 with the nups, this does not entirely eliminate the
possibility of a transient interaction between the two. Uip4 with its N-terminal Ig-like fold and
C-terminal amphipathic helix might act as a flexible connection between the NPC and the
nuclear membrane; thereby contributing to the stability during assembly. Membrane nups such
a Pom152 also have such Ig like fold (Yewdell et al., 2011). Loss of viability under nutrient
starved conditions of prolonged growth could also be due to reduced stress responsiveness in
the absence of Uip4. Our results indicate that Uip4p could play a crucial role in nutrient driven

organelle remodelling in S. cerevisiae.

Additionally, increasing protein levels of Uip4p results in a compromised turnover of Nup157
most likely via autophagy. In yeast, mechanisms of nup turnover have not been extensively

investigated. Yeast is a better model to study this also because NPCs do not disintegrate in
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mitosis unlike the mitotic disassembly and post-mitotic reassembly in metazoans. A lot of
nuclear constituents such as histones, nucleoporins and lamins are long lived, so they are also
vulnerable to accumulation of damage (Toyama et al., 2019). NPC does not turnover as an
entire entity, rather as smaller subunits and individual complexes (Daigle et al., 2001; Tomioka
et al., 2020). ESCRTs play a role in autophagy and have also been implicated in removal of
old nucleoporins (Rusten and Stenmark, 2009; Toyama et al., 2019). We have identified novel
interaction of Uip4 with ESCRT-II component Vps36 (Table9). This interaction could be a

possible molecular player in the autophagy dependent regulation of NPC turnover.

We show that the timing and extent of Uip4 expression is important. Uip4 is expressed more
during conditions that limit glucose availability. These include reducing glucose concentration
in the growth medium, adding galactose or ethanol as carbon source, or cells in stationary
phase. We have identified the pathways that regulate expression of Uip4. This work also sheds
light on the heterogeneity of physiological vs non-physiological deformations induced in the
cellular organelles and adds to the understanding of architectural changes of nucleus possibly
as an adaptation to metabolic demands. Importantly, as Uip4 function appears to be important
for survival in stationary phase/quiescent stage, it is possible that Uip4 is involved in metabolic
reprogramming of cells during this period. An understanding of the physiological rewiring
under altered Uip4 levels warrants further biochemical investigation and and would shed light

on the molecular role of Uip4 in this phase.

In addition to identifying regulators of nuclear organization this work has opened avenues for
understanding inter-organellar communication. This ER localized protein shows interaction
with several cytoplasm, mitochondria and vacuole-localized proteins. Since Uip4 bears a E-set
domain that senses AMPK levels, it is likely to function in coordination with pathways
involved in regulation of nutrient sensing to NE homeostasis. Why nuclear shape and NPC
distribution is responsive to growth conditions is not known. However, the regulation of
transcription at the nuclear periphery and association of mRNAs with the NPCs might have a
role in this. Which components directly mediate the response to nutrient availability to the
nuclear periphery and dictate shape alterations is an open question. Together, this study hints
at the key role of a NE/ER protein in nuclear structure and function regulation under altered
metabolic conditions. Our work has iterated the significance of cross talk between multiple
biological pathways. Future experiments will aim to identify the underlying pathways that

control nuclear morphology and its components in response to physiologically relevant signals.
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APPENDIX
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9.1 LIST OF ANTIBODIES USED

Antibody \ Host \ Source \ Identifier \ Dilution used
Primary

Actin Mouse | Santa Cruz sc-47778 WB 1:5000

GFP Rabbit | Abcam ab290 WB 1:10000

GFP Rabbit | Sigma G1544 WB 1:8000

Myc Rabbit | Abcam ab9106 IF 1:800, WB 1:10000
Myc Mouse | Abcam ab56 WB 1:5000

Nspl Mouse | Abcam ab4641 IF 1:800, WB 1:10000
Pdil Mouse | Abcam ab4644 IF 1:600, WB 1:10000
Tubulin Rat Abcam ab6160 WB 1:10000
Secondary

Mouse-Alexa488 | Goat | Life technologies | A21202 IF 1:1000
Mouse-HRP Goat | Abcam ab97023 WB 1:30000
Rabbit-Cy3 Goat | Jacksons 111-165-003 | IF 1:1000

Rabbit-HRP Goat | Abcam ab97051 WB 1:20000

Rat-HRP Goat | Abcam ab97057 WB 1:20000
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9.2 LIST OF PRIMERS

S.no | Identifier | Sequence 5’-3° Purpose
1 ACTI FP | GTAACATCGTTATGTCCGGTGGTAC
2 ACTI RP | GTAACATCGTTATGTCCGGTGGTAC
3 UIP4 FP GTAACATCGTTATGTCCGGTGGTAC
4 UIP4 RP | GAACTTCGTTCAATGGAGCATGTTC
5 ATG8 FP | GAACTTCGTTCAATGGAGCATGTTC RT-PCR
6 ATG8 RP | GAACTTCGTTCAATGGAGCATGTTC
7 NUP157 | TAGAGAATACCGCACTACTCGATACG
FP
8 NUP157 | TAGAGAATACCGCACTACTCGATACG
RP
9 NUP157 | TAGAGAATACCGCACTACTCGATACG | Screening primer for
S FP Nup157
10 NUP157 | GTTTAAGTGTGTATATTTTGAGCTGCC | Screening primer for
S RP Nup157
11 Nupl57RI | GATCCCGTTCAAGATTATGTGAAGGA | Forward primer for C
TE F1 TCGTCATCATGGCCTGAAA ggt gga tct | terminal epitope
ggt gga tct tagging of NUP157
12 | Nupl57RI | GAAAACTTCACAATCAAACTGCTAAA | Reverse primer for C
TE R3 ATATACAAATAATTCCGT TCA terminal epitope
ggcgecgglggagtggeg tagging of NUP157
13 UIP4 F1 | CATACATACATACTTGGTTGTAACAT | Forward primer for
TAAGATAGGCAAAGCAACTAAATA C | deletion of UIP4
GGATCCCCGGGTTAATTAA
14 UIP4 F2 | GCTCATGGTTTTCTTGGTTGACAACG | Forward primer for C
AAAATGTCAAGCTCAGAGGCATCACG | terminal epitope
GATCCCCGGGITAATTAA tagging of UIP4
15 UIP4 R1 | TAGTAGCTAAAAAAAGATGAATGTG | Reverse primer for C
AATCGAATCCTAAGAGAATTCAACAG | terminal epitope
AATTCGAGCTCGTTTAAAC tagging/ deletion of
uUIP4
16 4RP prom | CGAGGATCCTATTTAGTTGCTTTGCCT | Reverse primer for
_BamHI ATC amplification of pUIP4,
upstream of START
17 4RP noST | GCCGAATTCTGATGCCTCTGAGCTTG | Reverse primer for
OP _EcoRI | ACATTTTCG amplification of UIP4,
upstream of STOP
18 GFP pUG | TCAggatcc ATGTCTAAAGGTGAAGAAT | Forward primer for
23 _FP TATTC amplification of GFP
from pUG23
19 GFP pUG | CGAgaattcTTTGTACAATTCATCCATAC | Reverse primer for
23 RP CATG amplification of GFP

from pUG23
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20 | RP_MYC | AAGgtcgacGCGAATTCACTAGTGATTG | Reverse primer 17bp
Clone AT downstream of stop
codon after 13MYC
21 F2 UIP4 | ATTggatccATGGTCACCATTGTATTTGA | Forward primer for
TCATC Amplification of UIP4
from START codon
22 FP164SUI | GCAGTGATGTTCCACCAATA Forward primer 164bp
P4 upstream of UIP4
START
23 RP S UIP | GCTGCCTGCCATATTTCAAT Reverse primer 130bp
4 downstream of UIP4
STOP
24 FI UIP4 | AAAggatccCTAACCCCTATTTCAAAGA | Forward primer, 600 bp
TCTCAA upstream of START
codon of UIP4
25 RP uip4 AAAgtcgacCAGTGTAGATGTAACAAAG | Reverse primer 350
TCGACT down stream of STOP
codon of UIP4
26. | UIP4 tag | GCTGCCTGCCATATTTCAAT RP 150 bp downstream
S of STOP
27. | Uip4 FP_ | GGGtctagaATGGTCACCATTGTATTTGA | Forward primer, 600 bp
Xbal T upstream of START
codon of UIP4
28 KanMX AGTCTGACCATCTCATCTGT 552 bp downstream of
RP KanMX start site
Reverse primer
29 Uip4FP CGgtcgacATGGTCACCATTGTATTTGAT | Forward primer from
C START codon of UIP4
30 Uip4RP TACTGCAGTTATGATGCCTCTGAGCT | Reverse primer from up

TGAC

to STOP codon of UIP4

93




9.3 DETAILS OF RECOMBINANT DNA CONSTRUCTS/
STRAINS

Generating pGPD-UIP4-13MYC-pBEVYL (CKMS501)

In order to clone Uip4-13Myc in a pBEVY-L for overexpression under pGPD, genomic DNA
from KRY 1570 was used as template and following primers were used for amplification:

UIP4-FP_Xbal From START codon of UIP4 with Xbal site
GGGtctagaATGGTCACCATTGTATTTGAT

RP-13MYC 13bp downstream of STOP codon after 13MYC with Sall site
AAGgtcgacGCGAATTCACTAGTGATTGAT

The 1476 bp PCR product was digested with Xbal and Sall and ligated into pPBEVY-L
digested with the same set of restriction enzymes. The clone was confirmed by restriction
digestion and sequencing.

UIP4-FP Xbal
—
Genomic DNA (KRY1570)
N Bar
RP-13MYC P ) *
y
///—HF\‘(’\\\
PCR amplificati b
amplification | PBEVY-L ]\‘
| | A

\
\ UIP4-13MYC-STOP | K:%

i Restrcition digestion with Xbal and Sall l

© ' UlP4-13myc-stop 1l PBEVY-L [

iLigation

Xbal

CKM362
CKM362 Xbal+Sall digested
CKM501
CKM501 Xbal+Sall digested

PwNR

6Kb
Sall 3Kb,

1Kb. UIP4-13MYC ~1.4Kb

Schematic showing cloning generation of CKM501
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Generating UIP4-pGBKT7 (CKM517)

UIP4 cloned in pGBKT?7 vector was used as a bait for yeast two-hybrid screen. The gene was
amplified using genomic DNA form KRY 1492 as template.

Primers used:

Uip4FP Forward primer from START codon of UIP4
CGgtcgacATGGTCACCATTGTATTTGATC

Uip4RP Reverse primer from upto STOP codon of UIP4
TACTGCAGTTATGATGCCTCTGAGCTTGAC

The ~930 bp product obtained was ligated into pBlueScript vector. This clone was digested
with Sall and Pstl restriction enzymes to generate the fragment for ligation in to pGBKT7
vector. The clone was confirmed by restriction digestion and sequencing.

Uip4FP Sall Hindlll
Ll )
Hindl
— (6540)
Uip4RP Pstl
PCR amplification TRP1
. Mcs
UIP4 Hindl'll
- (1606
Ligation into EcoRV digested pBlueScript / \\
= i |
N [l pGBKT7 |
Uip4-ps ) \ /
A c-Myc epitope tag
Restriction digestion with Pstl and Sall
= UIP4 5 = PGBKT7 [ -
i Ligation
Sall+Pstl digested
Sall
UIP4-  pGBKT7 e
e \

\ \Pstl
CKM517

Restriction digestion with
Pstl and Sall

Schematic showing cloning generation of CKM517
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Generating pUIP4-UIP4-SFB-pRS313

In order to clone Uip4-SFB in a CEN vector under its endogenous promoter, genomic DNA
from KRY 1492 was used as template and following primers were used for amplification of
UIP4 with promoter and without STOP codon.

Uip4 FP_ Xbal Forward primer, 600 bp upstream of START codon of UIP4
GGGtctagaATGGTCACCATTGTATTTGAT

4RP noSTOP EcoRI Reverse primer for amplification of UIP4, upstream of STOP
GCCgaattcTGATGCCTCTGAGCTTGACATTTTCG

SFB fragment was obtained by restriction digestion of CKM638 with EcoRI and Sall. The
two fragments were then ligated into pRS313 linearised with Xbal/Sall.

| b Uip4FP Xbal
a « Tag:S-F-B {S-protein(S)-FLAG(F)-Sterptavidin-binding-peptide(B)} °
,enomic
DNA Sequence of SFB
51->31 . 51 4RP_n STOPE oRI
ppppp AAGGCGCGTCGATGGACGAGARGACCACCGRCTGRE
GGGECGECCAC TGGCCGGCGAGCTGGAGCAGCTGCGGGCCAGGCTGGAGCACCACCCTCAGEGCCAGCGE l
GAGCCC-3'
ORF Translation K |
'TGWRGH \G] QLRARLI 'QGOR 3 b
N pUIP4- UIP4 1.5Kb
Xbal =11 pUIP4- UIP4 [ EcoRl
C. R
A &
N\
N ol
Xbal =7 pRS313 [l sall % Ecorl " LLSFB I Sall
Plasmids

digested with

Xbal+ Sall / — \\

‘ ‘ CKM653

—

Schematic showing cloning generation of CKM653
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Generating pUIP4-UIP4-13MYC-pRS316 (CKM670)

In order to clone Uip4-13Myc in a CEN vector under its endogenous promoter, genomic
DNA from KRY 1570 was used as template and following primers were used for
amplification:

F1-UIP4 600bp upstream of START codon
AAAggatccCTAACCCCTATTTCAAAGATCTCAA

RP-13MYC 17bp downstream of STOP codon after 13-MYC
AAGgtcgacGCGAATTCACTAGTGATTGAT

The 2076 bp PCR product was digested with BamHI and Sall and ligated into pRS316. The
clone was confirmed by restriction digestion and sequencing.

F1-UIP4 Promoter- 600bp
UIP4- 915 bp
—
A 13MYC- 498b
Genomic DNA (KRY1570) MY 438bp
—
RP-13MYC
LPCR amplification y 4 N
| pRS316 |
_ pUIP4-UIP4-13MYC-STOP | > 4
l Restrcition digestion with BamHI and Sall i
“ | pUIP4-UIP4-13MYC-STOP = PRS316 [y

iLigation

Schematic showing cloning generation of CKM670
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Generating pUIP4-GFP-SFB-pRS313

In order to clone GFP-SFB in a CEN vector under the endogenous promoter of UIP4, pUG23
vector was used as a template to amplify GFP sequence and genomic DNA from KRY 1492
was used as template to amplify the promoter of UIP4. Following primers were used for
amplification of pUIP4 :

Uip4 FP_ Xbal Forward primer, 600 bp upstream of START codon of UIP4
GGGtctagaATGGTCACCATTGTATTTGAT

4RP prom BamHI Reverse primer for amplification of pUIP4, upstream of START
CGAGGATCCTATTTAGTTGCTTTGCCTATC

Following primers were used for amplification of GFP:

GFP pUG23 FP Forward primer for amplification of GFP from pUG23
TCAggatccATGTCTAAAGGTGAAGAATTATTC

GFP pUG23 RP Reverse primer for amplification of GFP from pUG23
CGAgaattcTTTGTACAATTCATCCATACCATG

SFB fragment was obtained by restriction digestion of CKM638 with EcoRI and Sall.

Uip4FP Xbal

—

k| Genomic DNA (KRY1492)
P

pUG23_FP
——

‘:\‘f\!\puezaiRP

[ puG23 3Kb- PCRl 4RP_prom_BamH
PCR = \ 1Kb-.. Promoter- 600bp
oFP oo 8 5000P e ———
Ligation ints
EcoRV
digested pBS |
BamHITHIIGEP [ EcoRl Ligation into Xbal/BamHlI
GFP-740bp digested GFP-SFB-pRS313
EcoRl | SFBI i Sall CKM679
SFB-280bp Xbal Xbal/Sall digested
\ BamHI
[ N 6Kb

pUIP4-GFP-SFB pRS313\
\ 3Kb
GFP-SFB-pRS313| ],

~)

CKM679

/z co

BamHI+Sall digestion Sall

1Kb
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Generating NUP157-RITE (KRY 2035)

In order to study the dynamics of Nup157, RITE was employed. The GFP to RFP convertible
tag was generated by homologous based recombination method of epitope tagging. The tag
was amplified using pKV016 as template using the following primers:

Nup157RITE F1
GATCCCGTTCAAGATTATGTGAAGGATCGTCATCATGGCCTGAAA ggt gga tct gat

gga tct

Nupl57RITE R3
GAAAACTTCACAATCAAACTGCTAAAATATACAAATAATTCCGT TCA

ggegeeggtggagtggcg

The product was transformed into KRY 1492 and the transformants were selected on YPD
plate containing Hygromycin (25mg/100ml). Genomic DNA was isolated from the colonies
obtained and the integration was confirmed by screening PCR. The following set of
screening primers were used:

Nup157 screening:
Nupl57 FP_S + YES RITE RP (internal from HYG®) will give 1272 bp product only in
colonies positive for tag.

Nup157FP_S + nupl157RP_S(downstream of NUP157 STOP)
with tag: 4043 bp; without tag 346 bp

Nup157-RITE Construct

F

Colony no.|

ED TP T, HmarkerHC>{Tag2 3.7 Kb

1.2kB

AT o Hror o fasizmel- swvons
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Generating uip4A::KanMX

Full length deletion knockout of UIP4 was carried out by employing homologous
recombination-based strategy. The following primers were used for amplification of deletion
cassette using pFA6a-KanMX as template:

UIP4 F1
CATACATACATACTTGGTTGTAACATTAAGATAGGCAAAGCAACTAAATA CGGA
TCCCCGGGTTAATTAA

UIP RI
TAGTAGCTAAAAAAAGATGAATGTGAATCGAATCCTAAGAGAATTCAACAGAAT
TCGAGCTCGTTTAAAC

The PCR product was transformed in to the desired strain background and transformants
were selected on YPD plate containing G418 (20mg/100ml). The deletion was confirmed by
screening PCR using the following set of primers:

FP164SUIP4 Forward primer 164bp upstream of UIP4 START

GCAGTGATGTTCCACCAATA
KanMX RP 552 bp downstream of KanMX start site Reverse primer
AGTCTGACCATCTCATCTGT
Screening for UIP4 deletion
FP164SUIP4
1l I f] mmhg_ - 3'UTR
PCR amplification w
it | It FP164SUIP4
SUTR 3'UTR
FP164SUIP4+ UIP4 tagS ‘F}5T164SUIP4+ KanMX RP
ypTz;Al :.:le(fzbnMX- 1.8Kb ufpf;A ::KanMX-~550bp
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