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Abstract 

The compartmentalization of subcellular functions facilitates the regulation 

of biochemical reactions and cellular processes. The compartmentalization of the 

eukaryotic genome into the nucleus by the nuclear envelope (NE), for example, 

facilitates various DNA metabolic activities.  The NE is composed of two lipid 

bilayers: an outer nuclear membrane (ONM) and an inner nuclear membrane 

(INM). The INM provides an environment for the proper regulation and 

organization of interacting chromatin. In Saccharomyces cerevisiae, INM-

associated chromatin includes telomeres and specific transcriptionally active genes. 

Multiple mechanisms are employed to tether these chromatin regions to the INM, 

including post-translational modifications. SUMOylation is a post-translational 

modification linked to regulating the spatial organization of chromatin relative to 

the nuclear periphery. Therefore, we investigated the contributions of 

SUMOylation in mediating chromatin interactions with the INM in response to 

specific cellular events. We observed that activation of an inducible gene, INO1, is 

accompanied by alterations in the SUMOylation of proteins associated with 

specific regions along the INO1 locus. Furthermore, we show that the E3 SUMO 

ligase, Siz2, is required to facilitate these SUMOylation events and target the INO1 

locus to the INM. Following these analyses, we further investigated Siz2 and Siz2-

mediated SUMOylation events at the INM.  

We found that Siz2 is predominantly distributed throughout the 

nucleoplasm during interphase but is recruited to the INM during mitosis, where it 

binds and SUMOylates several proteins, including Scs2. Scs2 is an integral 
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membrane protein found throughout the endoplasmic reticulum (ER), and by 

analyses here, the INM. We show that a putative FFAT motif in Siz2 is required to 

interact with the MSP domain of Scs2. These interactions are further supported by 

the mitotic phosphorylation of Siz2 and the SUMOylation of Scs2 by Siz2. 

Formation of the Scs2-Siz2 complex at the INM during mitosis drives the 

accumulation of SUMO conjugates at the INM, including SUMOylated Scs2 and 

other specific proteins. The mitotic SUMOylation of these proteins supports the 

assembly and anchorage of subtelomeric chromatin and the activated INO1 at the 

INM during the later stages of mitosis and the subsequent G1-phase. The mitotic 

SUMOylation of these specific proteins is also required for the proliferation of the 

NE. These SUMOylation events facilitate the accumulation of phosphatic acid (PA) 

at the INM during mitosis by altering specific protein interactions of PA 

metabolism regulators. In summary, we have uncovered previously undefined 

spatial and temporally regulated SUMOylation events mediated by Siz2 at the NE 

during mitosis. These events function to support and coordinate multiple processes 

necessary for establishing nuclear envelope structure, including chromatin 

association with the NE and membrane proliferation.   
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Chapter I: Introduction  
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1.1 The nuclear envelope 

Within eukaryotic cells, specific cellular processes are compartmentalized 

into membrane-bound organelles. One such organelle is the nucleus, which 

encapsulates the eukaryotic genome and all DNA dependent processes. The nucleus 

is bounded by a double lipid membrane termed the nuclear envelope (NE). The NE 

establishes a barrier between the nucleoplasm and cytoplasm and provides a level 

of regulatory control over the genome. The two lipid bilayers of the NE include an 

outer nuclear membrane (ONM) and an inner nuclear membrane (INM), which are 

separated by a luminal or perinuclear space. The ONM is exposed to the cytosol 

and is continuous with the endoplasmic reticulum (ER; Watson, 1955). The 

membrane continuity between the ONM and the ER allows lipids synthesized in 

the ER to diffuse to the NE. This continuity also results in the ONM having a similar 

proteome as the ER. However, the ONM also contains proteins not enriched in the 

ER (Hetzer, Walther, and Mattaj 2005), including those that mediate interactions 

with the cytoskeleton (Dreger et al.,  2001) and interact with proteins at the INM 

through the NE luminal space (Starr and Han 2003; Wilhelmsen et al.,  2006). The 

INM is exposed to the nucleoplasm and contains a proteome that is largely distinct 

from the proteome of the ONM. However, the INM proteome can also include 

proteins that are also distributed through the INM and ER (Deng and Hochstrasser 

2006; Smoyer et al.,  2016). The proteome of the INM is retained, in part, through 

interactions with chromatin. Interactions of the INM proteome with chromatin can 

influence chromatin structure, gene expression, and the spatial organization of the 

genome (Strambio-De-Castillia, Niepel, and Rout 2010; Van de Vosse et al.,  2011). 
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Factors contributing to the spatial organization of the genome and the functional 

consequences of this organization will be discussed in 1.3.  

Despite functioning as a critical barrier to segregate the genome from the 

cytoplasm, proper cellular functions also require communication between the 

nucleoplasm and cytoplasm. Pore membrane domains (POMs) and nuclear pore 

complexes (NPCs) provide a means to overcome the barrier established by the NE, 

allowing materials to move into and out of the nucleus. POMs are membranes 

where the INM and ONM are continuous; this generates a channel across the NE 

into which NPCs are situated. NPCs regulate the bi-directional transport of 

macromolecules into and out of the nucleus. The NPCs are discussed in greater 

detail below (1.1.1). 

1.1.1 Nuclear pore complexes 

NPCs are large protein complexes that are exceptionally well conserved 

among eukaryotes (Q. Yang, Rout, and Akey 1998; Rout et al.,  2000; Kabachinski 

and Schwartz 2015). NPCs are composed of approximately 30 different proteins, 

collectively referred to as nucleoporins or Nups. Nups are present in multiple copies 

within the NPC and can be broadly partitioned into three groups based on their 

localization and associated function within NPCs. These include Poms, core 

scaffold Nups, and FG-Nups. Poms are integral membrane proteins positioned 

within the POMs that recruit soluble Nups and anchor the NPC to the NE (Aitchison 

and Rout 2012; Kabachinski and Schwartz 2015; Onischenko et al.,  2009). Core 

scaffold Nups form the eightfold symmetrical framework of the NPC that interacts 

with FG-Nups and Poms (Rout et al.,  2000). Core scaffold Nups stabilize and 
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anchor the NPC to the NE and facilitate the membrane curvature observed at the 

POMs (Alber et al.,  2007; H. Wang et al.,  2016). FG-Nups are unstructured Nups 

containing phenylalanine-glycine (FG) repeats. FG-Nups line the central channel 

of NPCs forming a dense barrier which facilitates the selective passage of 

molecules into and out of the nucleus. Cargos smaller than ~10 nm can freely 

diffuse through this channel. However, larger macromolecules require specific 

amino acid sequence motifs, termed nuclear localization sequences (NLSs) or 

nuclear export sequences (NESs), and nuclear transport factors to overcome the 

entropic barrier created by FG-Nups (Knockenhauer and Schwartz 2016). 

Extending from the nucleoplasmic face of the NPCs is a distinct set of filaments 

which together with specific FG-Nups, and the Mlp1 and Mlp2 proteins (termed 

Tpr in vertebrates) forms the nuclear basket. The nuclear basket provides an 

attachment site for various NPC associated proteins involved in a diverse range of 

processes including, nucleocytoplasmic transport, post-translational processes, 

genome stability, chromosome segregation, and transcriptional regulation (Galy et 

al.,  2004; Iouk et al.,  2002; Scott et al.,  2009; Dilworth et al.,  2005; Lewis, 

Felberbaum, and Hochstrasser 2007; Luthra et al.,  2007; Niepel et al.,  2013; Regot 

et al.,  2013; Ptak, Aitchison, and Wozniak 2014; Palancade et al.,  2007; Wälde 

and Kehlenbach 2010). 

Nups themselves are also involved in other nuclear processes beyond 

nucleocytoplasmic transport, including various chromatin-regulated functions 

(Ptak and Wozniak 2016). Nups can contribute to these various biological processes 

within the context of NPCs (Ptak, Aitchison, and Wozniak 2014), as distinct entities 
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in the nucleoplasm (Kalverda et al.,  2010; Buchwalter, Kaneshiro, and Hetzer 

2019; Ibarra and Hetzer 2015) and as distinct subcomplexes at the NE (Lapetina et 

al.,  2017). In yeast, genes strongly induced by changes in environmental conditions 

are localized to NPCs where they interact with specific Nups. The role of NPCs in 

these interactions will be discussed in 1.4. In mammalian cells, the association of 

specific Nups with active genes has been shown to occur in the nucleoplasm 

(Kalverda et al.,  2010; Capelson et al.,  2010). More recently, a distinct Nup 

subcomplex, termed the Snup complex, has been shown to regulate interactions 

with telomeres (Lapetina et al.,  2017). Telomeres will be discussed in 1.5. Overall, 

Nups possess many functions beyond their canonical role in nucleocytoplasmic 

transport, and these unique functions are not necessarily dependent on their 

association with NPCs.  

1.1.2 The proteome of the INM 

The INM harbors a diverse set of membrane proteins involved in many 

nuclear processes, including intranuclear signaling, chromosome segregation, and, 

importantly, genome organization (Dreger et al.,  2001; Van de Vosse et al.,  2011). 

Lining the nucleoplasmic face of the INM in higher eukaryotes is a polymer 

network of intermediate filaments called lamins (lamin A/C and lamin B) which 

form the nuclear lamina. The nuclear lamina is connected to the INM through 

integral inner membrane proteins (NE transmembrane proteins or NETs) and 

NPCs. The nuclear lamina provides the nucleus with mechanical rigidity and 

establishes proper nuclear morphology through its interactions with chromatin 

(Dechat et al.,  2008; Shimi et al.,  2010; Gruenbaum and Foisner 2015). By 
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contrast, most single-cell eukaryotes, such as S. cerevisiae, appear to lack a 

discernable nuclear lamina. However, lamin-like functions have been proposed for 

several yeast protein-interaction networks (Diffley and Stillman, 1989; Strambio-

de-Castillia, Blobel and Rout, 1999; Taddei et al.,2004; Taddei and Gasser, 2012; 

Niepel et al.,2013; Van De Vosse et al.,2013).  

Proteins are proposed to be distributed to the INM by one of two 

mechanisms: sequence based-targeting or the diffusion-retention pathway. The 

transport of soluble INM-associated proteins occurs through the NPC by sequence-

based targeting and nuclear transport proteins (Katta, Smoyer, and Jaspersen 2014; 

Ungricht et al.,  2015). Lamins are among the soluble proteins imported into the 

nucleus (Hennekes et al.,  1993). Similarly, sequence-based targeting or 

karyopherin-mediated import of integral membrane proteins along POMs is also 

utilized (Ohba et al.,  2004; King, Lusk, and Blobel 2006). However, most proteins 

appear to be enriched at the INM by the diffusion-retention mechanism (Powell and 

Burke 1990; Boni et al.,  2015; Ungricht et al.,  2015; Smoyer et al.,  2016). In the 

diffusion-retention mechanism, integral membrane proteins below a certain size 

threshold are distributed to the INM by diffusion across the POM. The likelihood 

that a protein will diffuse across the POM depends on the size of its 

cytoplasmic/nucleoplasmic domain; as this domain increases in size, the protein is 

more likely to encounter the barrier imposed by the NPCs (Soullam and Worman 

1995; Ohba et al.,  2004; King, Lusk, and Blobel 2006; Lusk, Blobel, and King 

2007; Zuleger, Robson, and Schirmer 2011). Proteins that diffuse into the INM are 

then maintained by interactions with chromatin, the nuclear lamina, or other nuclear 
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proteins (Soullam and Worman 1995; Gruenbaum et al.,  2003; Östlund et al.,  

2006; Zuleger, Robson, and Schirmer 2011; Ungricht et al.,  2015; Boni et al.,  

2015).  

1.1.3 The NE during mitosis 

By the end of interphase, a cell will have duplicated its genome, which will 

then need to be divided between the mother and daughter cell during mitosis. In 

order to facilitate the segregation of DNA during mitosis, significant morphological 

changes to the NE must occur. Mitosis can be broadly categorized as open or 

closed, based on the changes in NE structure that occur.  

Many higher eukaryotes undergo open mitosis. In open mitosis, the NE is 

disassembled in a process termed NE break down (NEBD). NEBD is coordinated 

with the formation of the mitotic spindle in the cytosol. NEBD is initiated by mitotic 

phosphorylation events that include modifications to specific Nups, INM proteins, 

and lamins. These phosphorylation events disrupt NE-interactions with chromatin 

and result in the dispersion of the NE membrane and NE-associated proteins into 

the connected ER (Hetzer 2010). Membranes must be separated from chromatin for 

proper chromosome compaction and segregation to occur during mitosis 

(Champion et al.,  2019). During this time, there is also an increase in phospholipid 

synthesis, which is essential for progression through mitosis and the expansion of 

the NE membranes (Lin and Arthur 2007; Scaglia et al.,  2014; Rodriguez Sawicki 

et al.,  2019). As cells progress through metaphase and enter anaphase, newly 

synthesized NE membranes begin to reassociate with and enclose the segregated 

chromatin. The binding of INM proteins to chromatin mediates the re-assembly of 
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the NE and the formation of the nuclear compartments (Hetzer 2010). Specific 

chromatin interactions with the INM ensures the proper spatial organization of the 

genome in the newly formed nuclei (Falk et al.,  2019; Politz, Scalzo, and Groudine 

2013; Poleshko et al.,  2013; 2019; Crabbe et al.,  2012).  

Organisms such as S. cerevisiae undergo closed mitosis. In closed mitosis, 

the spindle forms inside the nucleus, with the NE remaining functionally intact. As 

a result, the NE undergoes extensive changes in nuclear shape and surface area 

during anaphase as the intranuclear spindle elongates. The intranuclear assembly 

of the mitotic spindle requires that the microtubule-organizing centers, spindle pole 

bodies (SPBs) in S. cerevisiae, are anchored to the inner side of the NE, and that 

tubulin dimers are actively transported into the nucleus. Similar to open mitosis, 

there is an increase in phospholipid synthesis during closed mitosis which 

facilitates the expansion of the NE (Campbell et al.,  2006; Witkin et al.,  2012). 

Likewise, chromatin interactions with the NE are also lost as cells enter mitosis, 

and then re-established during the later stages of mitosis, similar to open mitosis 

(Laroche et al.,  2000; Ebrahimi and Donaldson 2008; Donna Garvey Brickner and 

Brickner 2010; Donna G. Brickner and Brickner 2012). 

Therefore, as highlighted above, two significant factors contributing to the 

structure of the NE during mitosis is the expansion of the NE and the establishment 

of chromatin interactions with the NE. Phospholipid synthesis and the factors 

known to contribute to the expansion of the NE are discussed in 1.2. Chromatin 

interactions with the nuclear periphery and the role of these interactions will be 

discussed in 1.3, 1.4, and 1.5. 
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1.2 NE/ER membrane expansion 

Phospholipids (PL) comprise the majority of membranes in yeast. 

Phosphatidic acid (PA) is the central metabolite for de novo PL synthesis. As a 

result, PA is an essential regulator of membrane biogenesis.  

 PA is composed of a glycerol-3-phosphate backbone to which two fatty 

acids (FAs) are esterified. FAs can be derived either from de novo synthesis, the 

hydrolysis of complex lipids, the delipidation of proteins, or from external sources. 

De novo synthesis of FAs occurs primarily in the cytosol, by the sequential action 

of the acetyl-CoA carboxylase, Acc1 (Hasslacher et al.,  1993) and the FAS 

complex, which is composed of Fas1 and Fas2 subunits (Stoops and Wakil 1978; 

Leibundgut et al.,  2008). FAs undergo elongation and desaturation in the ER before 

they are used to produce PA (Klug and Daum 2014). PA is then used as a precursor 

for the synthesis of PLs with the the hydrophilic head group attached to PA defining 

the PL produced. The major PLs in yeast include phosphatidylcholine (PC), 

phosphatidylethanolamine (PE), phosphatidylinositol (PI), and phosphatidylserine 

(PS; Carman and Han 2011; Henry, Kohlwein, and Carman 2012). In yeast, PLs 

are primarily produced by the cytidine diphosphate-diacylglycerol (CDP-DAG) 

pathway, which converts PA to CDP-DAG using CTP. The conversion of PA to 

diacylglycerol (DAG) will channel PA primarily towards lipid storage (Fig. 1-1; 

Carman and Han, 2011) 

1.2.1 Phospholipid synthesis during mitosis 

Due to its central role in membrane biogenesis, PA levels are increased to 

facilitate PL synthesis and the expansion of the NE during mitosis. During mitosis, 
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PA is increased by enhanced de novo fatty acid (FA) synthesis. The mitotic increase 

in FA (Scaglia et al.,  2014; Rodriguez Sawicki et al.,  2019; Blank et al.,  2017) 

promotes the production of PA and PLs, which are incorporated into the NE 

(Walters et al.,  2014; Rodriguez Sawicki et al.,  2019; Scaglia et al.,  2014). In 

yeast, the increase in FA synthesis is regulated by the increased translation of 

mRNAs encoding the FA producing enzymes, Acc1, Fas1, and Fas2 (Blank et al.,  

2017). The mitotic increase of PA is also facilitated by preventing the conversion 

of PA to DAG. The conversion of PA to DAG diverts PA away from the CDP-

DAG pathway (Fig. 1-1). Lipin is the PA phosphatase, which dephosphorylates PA 

to convert it to  DAG. The phosphatase activity of lipins is vital for regulating the 

NE during mitosis. In S. cerevisiae and S. pombe, which undergo closed mitosis, 

lipin activity is inhibited to promote PL synthesis and NE-expansion (Santos-Rosa 

et al.,  2005; Makarova et al.,  2016). In mammals, the loss of lipin causes defects 

in NEBD (Golden, Liu, and Cohen-Fix 2009; Mall et al.,  2012). The regulation of 

lipins is discussed in greater detail below (1.2.2).  
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Figure 1-1. Schematic representation of phosphatic acid regulation in S. 

cerevisiae. The figure depicts the pathways for the synthesis of phospholipids and 

their precursor phosphatidic acid (PA). PA is portioned between the CDP-DAG 

pathway and the DAG pathway. The CDP-DAG pathway is involved in de novo 

production of phosphatidylserine (PS), phosphatidylethanolamine (PE), and 

phosphatidylinositol (PI). The DAG pathway can provide the cell with PE and PC 

through the Kennedy pathway or TAG and lipid droplets (LD), for lipid storage. 

Conversion of PA to DAG is regulated by the phosphatase Pah1 and its activating 

complex Nem1/Spo7. Dephosphorylation of Pah1 by the Nem1/Spo7 complex 

leads to the membrane association and activation of Pah1. The phosphorylated form 

of Pah1 is indicated by white circles, with kinases directing phosphorylation of 

Pah1 indicated. Conversion of DAG to PA is regulated by the kinase Dgk1. Gro 

(glycerol), Ins (inositol), Glc (glucose), Eth (ethanolamine), Cho (choline), P-Etn 

(phosphoethanolamine), P-Cho (phosphocholine). Adapted from (Kwiatek, Han, 

and Carman 2020).  



12 
 

1.2.2 Pah1 and lipins 

In yeast, multiple lipid-phosphate phosphatases can dephosphorylate PA 

(Carman 2019). However, the regulation of PA utilized in PL synthesis is attributed 

solely to the phosphatase, Pah1 (Sorger and Daum 2003; Han, Wu, and Carman 

2006; Fakas et al.,  2011; Choi et al.,  2012). The enzymatic activity of Pah1 was 

first shown in S. cerevisiae (Y. P. Lin and Carman 1989) which, led to the 

identification of lipin proteins in mammals (Péterfy et al.,  2001; Han, Wu, and 

Carman 2006). There are three lipin paralogs in mammals (Lipin 1-which has three 

isoforms, Lipin 2 and Lipin 3). These mammalian paralogs have distinct but 

overlapping functions (Donkor et al.,  2007) and can rescue pah1Δ phenotypes in 

yeast (Péterfy et al.,  2001). The membrane association and activity of both Pah1 

and mammalian lipins are regulated by their phosphorylation (Huffman, Mothe-

Satney, and Lawrence 2002; O’Hara et al.,  2006; Harris et al.,  2007; Grimsey et 

al.,  2008; Choi et al.,  2011; Peterson et al.,  2011; Choi et al.,  2012). 

The phosphorylation of Pah1 inhibits its activity, as exemplified by a 

phosphodeficient Pah1 mutant, which has increased phosphatase activity (O’Hara 

et al.,  2006). Pah1 is phosphorylated at many sites and by numerous kinases. The 

phosphorylation of Pah1 by Pho85-Pho80, Cdk1 and PKA inhibits Pah1 function 

by preventing its association with membranes and, therefore, PA (Santos-Rosa et 

al.,2005; Choi et al.,2011; Han et al.,2012; Su et al.,2012). Phosphorylation of Pah1 

by Pho85-86 and PKA reduces its phosphatase activity, and the phosphorylation of 

Pah1 by PKC promotes the degradation of Pah1 by the 20S proteasome (Hsieh et 

al.,  2015; Su, Han, and Carman 2014). The association of Pah1 with the promoters 
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of PL synthesizing genes and its role in regulating the transcription of these genes, 

is also regulated by its phosphorylation (Santos-Rosa et al.,  2005). The 

transcriptional regulation of PL synthesizing genes will be discussed in greater 

detail below (1.2.4.1). The mitotic phosphorylation of Pah1 by Cdk1 is proposed to 

inhibit Pah1 activity during mitosis to promote NE expansion (Santos-Rosa et al.,  

2005). 

The reduction of Pah1 and lipin activity causes NE/ER expansion (Tange, 

Hirata, and Niwa 2002; Golden, Liu, and Cohen-Fix 2009; Gorjánácz and Mattaj 

2009; Peterson et al.,  2011; Bahmanyar et al.,  2014). In yeast, the loss of Pah1 

activity causes the typically spherical nuclei to become irregularly shaped, with the 

expansion of the NE/ER membrane occurring at regions adjacent to the nucleolus. 

The expansion of the NE/ER at these regions results in a nuclear extension or 

“flare” (Siniossoglou 1998; Santos-Rosa et al.,  2005; Campbell et al.,  2006; 

Witkin et al.,  2012). It has been proposed that the tethering of DNA to the NE 

outside of these regions may facilitate their ability to resist expansion (Campbell et 

al.,  2006), with rDNA tethering to the NE not contributing to the formation of the 

flare (Walters et al.,  2014). More recently, however, the tethering of rDNA to the 

NE in specific mutant backgrounds was shown to be required for the formation of 

nuclear extensions (Male et al.,  2021). Therefore, the formation of nuclear 

extensions in yeast is likely due to increased PL synthesis and altered protein 

interactions with membranes. Metazoans do not display these nuclear membrane 

extensions upon lipin inhibition (Fagone and Jackowski 2009).  
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1.2.3 The Nem1/Spo7 complex 

In yeast, Pah1 is dephosphorylated and activated by the Nem1/Spo7 

complex (O’Hara et al.,  2006; Choi et al.,  2011; 2012; Su, Han, and Carman 2014). 

Nem1/Spo7 are integral membrane proteins localized to the NE/ER. The 

Nem1/Spo7 complex dephosphorylates Pah1 and promotes the membrane 

association of Pah1. Nem1 is the catalytic subunit, while Spo7 is the activator of 

the holoenzyme ( Siniossoglou, 1998; Santos-Rosa et al.,2005). The efficiency of 

Pah1 dephosphorylation by the Nem1/Spo7 complex is dependent on pH (Antonio 

Daniel Barbosa et al.,  2015), the phosphorylation of the Nem1/Spo7 complex 

(Dubots et al.,  2014; Dey et al.,  2019; Su et al.,  2018) and the kinase 

phosphorylation site within Pah1 (Hsieh et al.,  2016; Su, Han, and Carman 2014). 

Membrane association of Pah1 is dependent on both interactions with the 

Nem1/Spo7 phosphatase complex (Karanasios et al.,  2010; Dubots et al.,  2014) 

and the association of its amphipathic helix with membranes (Karanasios et al.,  

2010). CNEP-1 in C. elegans and CTDNEP1 in humans, which are homologues to 

Nem1, are also enriched at the NE, where they dephosphorylate and regulate the 

NE-associated pool of lipin (Bahmanyar et al.,  2014; Merta et al.,  2021).  

1.2.4 Pah1-Nem1/Spo7 and membrane expansion 

The loss of Pah1 activity, either through the loss of Pah1 (pah1Δ) or through 

the loss of the Nem1/Spo7 complex (nem1Δ spo7Δ), results in the expansion of the 

NE/ER (Siniossoglou et al., 1998; Santos-Rosa et al.,  2005; Campbell et al.,  2006; 

Witkin et al.,  2012). The expansion of the NE/ER in these mutants is the result of 

increased PA in the ER (Hassaninasab, Han, and Carman 2017) and increased PL 
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synthesis (Han, Wu, and Carman 2006; Fakas et al.,  2011; Pascual, Soto-Cardalda, 

and Carman 2013). The increased PA generated by the loss of Pah1 or the 

Nem1/Spo7 complex serves as a precursor for PL synthesis through the CDP-DAG 

pathway. As a result, the loss of Dgk1, the kinase that phosphorylates DAG to PA 

and opposes Pah1 activity, can rescue the NE/ER expansion phenotype of pah1Δ 

cells (Han et al.,  2008). The increased PA, caused by the loss of Pah1 activity, also 

facilitates the derepression of PL synthesizing genes (Han, Wu, and Carman 2006; 

Han, Siniossoglou, and Carman 2007; Santos-Rosa et al.,  2005; Han and Carman 

2017) to further promote the increased production of PLs.  

1.2.4.1 The Henry regulatory circuit 

The transcriptional control of PL synthesizing genes occurs via the Henry 

regulatory circuit. PL synthesizing genes in the Henry regulatory circuit contains 

an inositol-responsive upstream activating sequence (UASINO element). The 

UASINO is bound by the Ino2/Ino4 heterodimers, which activates these genes. The 

Ino2/Ino4 heterodimer themselves are bound by Opi1, which inhibits transcription. 

Interestingly, Pah1 has also been shown to associate with the promoters of PL 

synthesizing genes, where it is predicted to have an inhibitory function on the 

expression of these genes (Santos-Rosa et al.,  2005).  

In growth conditions where the levels of PA are relatively high, such as 

during inositol depletion (C. J.R. Loewen et al.,  2004) or when Pah1 activity is 

inhibited, UASINO-containing genes are derepressed due to the relocalization of 

Opi1 to the NE/ER membrane. The relocalization of Opi1 to the NE/ER is 

dependent on the interaction of Opi1 with PA at the ER and the interaction of Opi1 
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with the integral ER membrane protein, Scs2 (Hofbauer et al.,  2014; C. J.R. 

Loewen et al.,  2004; J. H. Brickner and Walter 2004). The interaction of Opi1 with 

Scs2 is dependent on a FFAT motif (two phenylalanines in an acidic tract) within 

Opi1 which interacts with the conserved MSP (major sperm protein) domain of 

Scs2 (Christopher J.R. Loewen, Roy, and Levine 2003). The Scs2-Opi1 complex 

also interacts with Yet1-Yet3 at the ER (J. D. Wilson, Thompson, and Barlowe 

2011). The loss of Scs2-Opi1 interactions or the loss of Yet3 causes the 

nucleoplasmic localization of Opi1 and the repression of the Henry regulatory 

circuit (C. J.R. Loewen et al.,  2004; J. D. Wilson, Thompson, and Barlowe 2011; 

Gaspar et al.,  2017).  

Altering PL synthesis, through the loss of Ino2 or the overexpression of 

Opi1, rescues the nuclear/ER expansion phenotype of pah1Δ cells (Santos-Rosa et 

al.,  2005). These observations suggest that the increased transcription of PL 

synthesizing genes is partially responsible for expanding the NE/ER membrane. 

However, the derepression of UASINO containing genes cannot solely account for 

the formation of nuclear extensions, and the expansion of the NE/ER membrane as 

opi1Δ mutant cells have round nuclei (O’Hara et al.,  2006). 

1.2.5 Phospholipid synthesis at the INM  

The membranes of various organelles have a distinct lipid composition. 

This includes the asymmetric distribution of lipids within membranes, which can 

facilitate customized functions of these membranes (Ferraz et al.,  2021; Pomorski 

and Menon 2006; Klug and Daum 2014). Interestingly, the INM has been shown to 

have a distinct lipid composition (Haider et al.,  2018; Romanauska and Köhler 
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2018; Antonio D. Barbosa et al.,  2019). The unique lipid composition of the INM 

would require a system to overcome both the lateral and transverse diffusion of 

lipids from the ONM/ER. This could be established by a physical barrier and/or 

spatially restricting lipid synthesizing enzymes to specific subcellular 

compartments (Bahmanyar and Schlieker 2020). POMs may provide a physical 

barrier to prevent the diffusion of lipids between the INM and the ONM/ER. The 

positive curvature generated by the NPCs at these regions may favor the diffusion 

of specific lipids, while sterically hindering the diffusion of lipids with large or 

charged head groups. The spatial restriction of lipid synthesizing enzymes to 

specific subcellular compartments such as the nucleus can also contribute to the 

unique lipid composition at the INM. In yeast, the nuclear localization of Pah1 and 

Dgk1 promotes the production of PA and DAG at the INM (Romanauska and 

Köhler 2018). The nuclear localization of CCTα contributes to the unique lipid 

composition of the INM by controlling PC homeostasis at the INM (Haider et al.,  

2018). Restricting lipid synthesizing enzymes to other subcellular regions may also 

facilitate the formation of a unique INM lipid composition. For example, the NE 

localization of CNEP-1/CTDNEP1 (Nem1 homologues responsible for the 

dephosphorylation and activation of lipins) increases lipin activity at the NE (Kim 

et al.,  2007; Bahmanyar et al.,  2014). This decreases local concentrations of PA at 

the NE, restricting PI to the peripheral ER and establishing a gradient of high PI 

levels at the plasma membrane and low PI levels at the NE (Bahmanyar et al.,  

2014). Interestingly, yeast ER-contact sites at the plasma membrane facilitate local 

PI production (Stefan et al.,  2011), suggesting that the generation of “lipid 
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concentration gradients” may be a conserved mechanism involved in the production 

of the unique lipid composition of the INM. Despite the emerging role of the INM 

in lipid metabolism, it is still unclear what contributions lipid synthesis at the INM 

has on various aspects of NE biogenesis, including its contributions to the mitotic 

expansion of the NE.  

Lipids not only provide the appropriate environment for membrane 

proteins, but lipid-protein interactions can contribute to protein structure, folding, 

stability, and function (Renard and Byrne 2021; Laganowsky et al.,  2014). 

Therefore, investigating what contributions lipids at the INM have on the proteome 

of the INM and regulating the NE-associated functions of these proteins, including 

the regulation of the spatial organization of the genome will be an important area 

of future research.    

1.3 Spatial organization of the genome 

Early electron micrographs showed that condensed heterochromatin was 

generally localized along the nuclear periphery, while less dense euchromatin was 

localized to the nucleoplasm and was adjacent to NPCs (Watson, 1955). These 

observations demonstrate the non-random 3D distribution of the genome within the 

nucleus and highlight the importance of the NE as a landmark in this organization.  

The 3D distribution of chromatin within the nucleus is determined by the 

overall functional status of the chromatin and the interactions of chromatin with 

constraining architectural elements (Misteli 2020). Thus, the clustering of 

heterochromatin at the nuclear periphery depends on interactions between 

heterochromatin and the interactions of heterochromatin with the nuclear periphery. 
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The non-random spatial organization of the genome also appears important for its 

regulation. This is suggested, in part, by the observations that changes in genome 

positioning patterns occur in response to developmental and environmental signals 

(Parada, McQueen, and Misteli 2004; Cremer et al.,  2006; Ragoczy et al.,  2006; 

Peric-Hupkes et al.,  2010; M. Chen and Gartenberg 2014; Randise-Hinchliff et al.,  

2016). 

Chromatin is a complex of DNA and proteins hierarchically organized 

across a spectrum of levels. The organization of chromatin at all hierarchical levels 

affects the regulation and spatial organization of the genome. The first level of 

chromatin organization is nucleosomes. Nucleosomes consists of ~150 bp of DNA 

wound around an octamer of histone proteins. The histone tails within nucleosomes 

are subjected to post-translational modifications such as acetylation, 

phosphorylation, and methylation, which is proposed to influence the accessibility 

of DNA to transcription factors (TSFs; Allshire & Madhani, 2018). The next level 

of organization involves the folding of chromatin loops, which will then assemble 

into topologically associating domains (TADs). TADs are dynamic chromatin 

domains correlated with genomic functions, including transcription and replication 

(Hansen et al.,  2018). The genome can then be divided into two broad spatial 

compartments called compartment A and compartment B. A compartment 

associated regions or TADs preferentially associated with other A compartment 

associated regions, and B compartment associated TADs preferentially associate 

with other B compartment TADs. These different compartments are enriched for 

specific characteristics that indicate their chromatin state or functional status. For 
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example, compartment B is generally composed of repetitive DNA sequences, is 

gene-poor, has a late onset of replication, and is enriched for specific histone 

modifications that facilitate the higher level of compaction seen in these regions. 

TADs associated with the B compartment are enriched at the nuclear periphery, 

while active TADs associated with the A compartment are generally more interior 

(Rao, Srinivasan, and Rajasekharan 2018; Misteli 2020).  

The interactions of chromatin with architectural elements such as the 

nuclear periphery and nuclear bodies, further establishes the spatial organization of 

the genome. Nuclear bodies, such as the nucleolus, splicing-factor speckles, and 

PML bodies, are highly dynamic structures whose structural integrity is mediated 

by transient interactions (Misteli 2020). These nuclear bodies regulate various 

cellular processes but can also influence the spatial organization of the genome. 

The nucleolus, for example, is the site of rDNA transcription and ribosome subunit 

assembly but, is also an important architectural element involved in the spatial 

organization of the genome. For example, rDNA is clustered into the nucleolus, and 

tRNA genes preferentially localize to regions near the nucleolus. Heterochromatin-

like regions in mammalian cells are also associated with the periphery of the 

nucleolus (Németh and Längst 2011). Thus, nuclear bodies, such as the nucleolus 

are important regulators of the spatial organization of the genome. However, within 

the context of NE structure, which is the focus of this thesis, the spatial organization 

of the genome relative to the nuclear periphery and the functional implications of 

these interactions will only be discussed in greater detail.  
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1.3.1 The spatial organization of the genome at the nuclear periphery 

Interactions of chromatin with the nuclear periphery contribute to the 

organization of the genome. The nuclear lamina regulates the organization of the 

genome by interacting with lamina-associated domains (LADs) of chromatin. 

LADs exhibit heterochromatin features such as low gene density, high AT content, 

late replication timing, and the enrichment of repressive histone modifications. 

Histone modifications enriched at LADs include a two (me2) or three (me3) methyl 

group addition to histone H3 lysine 9 (H3K9me2/3) or lysine 27 (H3K27me3). 

These histone post-translational modifications facilitate the association of LADs 

with lamins through the interactions of HP1, the protein that recognizes and binds 

to methylated H3K, and lamin-associated proteins (Poleshko et al.,  2013; 2019; 

Olins et al.,  2010; Makatsori et al.,  2004). These interactions ensure that the spatial 

organization of the genome is inherited during cell division and re-established 

before mitotic exit (Poleshko et al.,  2019). With the loss of lamins altering the 

spatial organization of the genome, including repositioning peripheral genomic 

regions to the nuclear interior (Nikolova et al.,  2004; Zheng et al.,  2018). 

Despite lacking a nuclear lamina, the spatial organization of the yeast 

genome is also dependent on chromatin interactions with the nuclear periphery. In 

yeast, the spatial organization of the genome is largely regulated by the Rabl-like 

organization of chromosomes (Rodley et al.,  2009; Duan et al.,  2010). This Rabl-

like configuration is characterized by the tethering of centromeres to the SPB, 

which results in their rosette pairing or clustering of centromeres at one pole of the 

nucleus. Chromosome arms then extend outwards from the tethered centromeres 

towards the opposite pole of the cell (Q. Yang, Rout, and Akey 1998; Zimmer and 
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Fabre 2011). The ends of chromosomes (telomeres) are clustered into foci and 

anchored to the NE through two-redundant pathways (Taddei, Schober, and Gasser 

2010). The clustering of telomeres into foci is dependent on telomere length and 

interactions between NE-associated proteins (Therizolsa et al.,  2010; Duan et al.,  

2010; Zimmer and Fabre 2011). Together the tethering and clustering of 

centromeres and telomeres contribute to the spatial organization of the genome by 

bringing chromatin from several chromosomes together and anchoring them to 

distinct regions at the NE. Telomere anchoring to the INM will be discussed in 

greater detail in 1.5.3.  

NPC-genome contacts also contribute to the spatial organization of the 

genome. Regions underlying NPCs are associated with euchromatin, with specific 

Nups preventing heterochromatin from invading these areas (Niepel et al.,  2013; 

Krull et al.,  2010). Super enhancers, which are regulatory structures that drive the 

expression of genes involved in specifying cell identity, are also associated with 

Nups at the nuclear periphery (Ibarra et al.,  2016). In yeast, specific 

transcriptionally active genes are tethered to the NPCs in response to various 

stimuli (J. H. Brickner and Walter 2004; Cabal et al.,  2006; Taddei et al.,  2006; 

Donna Garvey Brickner et al.,  2007; Ahmed et al.,  2010; Light et al.,  2010). These 

genes will be discussed in greater detail in 1.4.1.  

Chromatin interactions with the nuclear periphery have important 

functional consequences on the genome, including regulating the transcriptional 

activity of these regions. Artificially tethering genomic regions to the nuclear 

periphery, for example, can lead to repression (Maillet et al.,  1996; Andrulis et al.,  
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1998; Kumaran and Spector 2008; Finlan et al.,  2008; Reddy et al.,  2008). 

Consistently, lamina-genome interactions are lost during the activation of specific 

chromatin regions (Peric-Hupkes et al.,  2010). In yeast, the loss of NE-associated 

regions of the genome, such as telomeres, has also been associated with the 

derepression of these regions (Andrulis et al.,  1998; Taddei, Schober, and Gasser 

2010; Van De Vosse et al.,  2013). Telomeres are commonly used to assess 

chromatin regulation at the NE and will be discussed in greater detail in 

1.5. Chromatin interactions with the nuclear periphery can also facilitate the 

transcriptional activation of associated chromatin. In yeast, for example, coinciding 

with increased transcription is the association of tRNA with NPCs during M-phase 

(M. Chen and Gartenberg 2014). Moreover, inducible genes such 

as GAL1 and INO1 relocalize from the nucleoplasm to the NPCs upon 

transcriptional activation. The interactions of these loci with specific Nups can 

promote robust expression (J. H. Brickner and Walter 2004; Taddei et al.,  2006; 

Donna Garvey Brickner et al.,  2007; Ahmed et al.,  2010; Texari et al.,  2013; 

Randise-Hinchliff and Brickner 2016). The regulation of yeast inducible genes will 

be discussed in 1.4.1. 

Although organized in a non-random nature, the positioning of the genome 

is not static, and chromatin undergoes constant local dynamic motion. Live-cell 

microscopy in yeast (Herbert et al.,  2017; Heun et al.,  2001) and mammalian cells 

(Chubb et al.,  2002; J. Chen et al.,  2014) show the constant motion of chromatin. 

In yeast, rapid time-lapse imaging and tracking of chromatin show that there are at 

least two types of chromatin motion: small random movements (<0.2 µm within 
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1.5 sec) that constantly occur as well as larger movements that occur less frequently 

over short time intervals ( >0.5 µm in a 10.5 sec interval; Heun et al.,2001). 

Chromatin dynamics appear to be reduced by different constraints, including 

interactions with the nuclear periphery (Heun et al.,  2001; Bystricky et al.,  2004; 

2005). This chromatin is still dynamic, but becomes constrained to a two-

dimensional sliding movement that is restricted to a peripheral zone (Hediger et al.,  

2002; Gartenberg et al.,  2004; Cabal et al.,  2006; Taddei et al.,  2006; Neumann 

et al.,  2012). As a result, unconstrained chromatin will have an unresitrcted 

subdiffusive movement over time and will therefore, be able to randomly explore 

the volume of the nucleus more than a constrained locus. As a result, if the nucleus 

is divided into concentric zones of equal volume, an unconstrained locus will be 

equally distributed among the zones (Hediger et al.,  2002).  

1.4 Transcriptionally active chromatin at NPCs 

The association of NPCs with euchromatin led to the "gene-gating 

hypothesis" proposed by G. Blobel in 1985. The “gene-gating hypothesis” stated 

that patches of euchromatin formed by interactions between NPCs and 

transcriptionally active portions of the genome may function to coordinate 

transcription and mRNA export (Blobel 1985). This hypothesis may accurately 

describe the mechanism for coordinating transcription and mRNA export in S. 

cerevisiae as specific Nups (Ahmed et al.,2010; Brickner & Brickner, 2010; Cabal 

et al.,2006; Light, Brickner, Brand, & Brickner, 2010), mRNA export factors 

(Cabal et al.,2006; Dieppois & Stutz, 2010; Köhler & Hurt, 2007), and 
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transcriptional coactivators (Lo et al.,  2005; Cabal et al.,  2006; Luthra et al.,  2007) 

are associated with NPCs.  

1.4.1 Yeast inducible genes 

The localization of active genes to the NPCs has been shown for various 

inducible genes in yeast. Coinciding with the activation of these inducible genes is 

the relocalization of these genes from the nucleoplasm to NPCs where their 

mobility is constrained (Cabal et al.,  2006; Taddei et al.,  2006). Interactions with 

specific Nups and NPC associated factors can then promote robust expression 

(Taddei et al.,  2006; Donna Garvey Brickner et al.,  2007; Ahmed et al.,  2010; 

Light et al.,  2010; Texari et al.,  2013; Donna Garvey Brickner et al.,  2016).  

The NPC association of inducible genes, such as GAL1 or INO1 requires a 

DNA element known as a gene recruitment sequence (GRS). A GRS is sufficient 

to target an ectopic locus to NPCs (Ahmed et al.,  2010). However, additional TSFs 

are required to facilitate the appropriate relocation of inducible genes upon 

activation (Randise-Hinchliff et al.,  2016). Several of these TSFs are modified by 

a post-translational modification known as SUMOylation. Regulating the 

SUMOylation state of these TSFs has been shown to be important for the 

appropriate relocalization and activation of the induced GAL1 locus (Rosonina, 

Duncan, and Manley 2010; 2012; Texari et al.,  2013). SUMOylation and its role 

in transcriptional activation will be discussed in greater detail below (1.6). GRS 

sequences also facilitate the interchromosomal clustering of loci containing the 

same GRS (Brickner & Brickner, 2012). Therefore, a GRS regulates the spatial 

organization of chromatin on multiple levels. 
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INO1 targeting to the nuclear periphery requires either a GRS I or GRS II 

sequence, which is bound by the repressors Put3 and Cbf1, respectively (Brickner 

& Brickner, 2012). Cells must lack both GRS I and GRS II sequences to 

prevent INO1 targeting to the NPC upon activation. Under repressive conditions 

(presence of inositol), INO1 is bound by Opi1, Ume6, and Rpd3(L), which blocks 

Put3 binding to the GRS I sequence (Randise-Hinchliff et al.,  2016). Upon 

activation (depletion of exogenous inositol), the repressors dissociate, allowing 

Put3 and Cbf1 to bind to the GRSs resulting in the relocalization of INO1 to the 

NPCs. Put3 and Cbf1 are required for the localization but not for the transcriptional 

activation of INO1  (Brickner & Brickner, 2012; Graves & Henry, 2000). Thus, 

gene position and transcription are coupled, but distinct elements and factors 

mediate them. Consistently, the association of active inducible loci with NPCs is 

not necessary for expression (Cabal et al.,  2006; Taddei et al.,  2006; Saik et al.,  

2020), and the loss of loci association with NPCs upon activation does not result in 

the nuclear accumulation of mRNAs (Ahmed et al.,2010; Brickner et al.,2016). 

These results indicate that the “gating” of a transcriptionally active gene is not 

necessary for efficient mRNA production and export.  

Interestingly, upon activation the subnuclear distribution of these inducible 

loci are regulated in a cell cycle dependent manner. Activated INO1 and GAL1 are 

released from the periphery in S-phase, with chromatin interactions being re-

established during mitosis. The phosphorylation of specific NPC components by 

cyclin-dependent kinases regulates the cell cycle dependent interactions of these 

active genes with NPCs (Brickner & Brickner, 2012; Brickner & Brickner, 2010). 
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The cell cycle dependent localization of these genes to the NPCs is reminiscent of 

the cell cycle dependent anchoring of subtelomeric chromatin to the NE. Whereby 

subtelomeric chromatin association with the NE is also proposed to be re-

established during mitosis (Laroche et al.,  2000; Ebrahimi and Donaldson 2008). 

Although the anchoring mechanisms for telomeres and active genes are distinct, the 

similarity in their temporal localization suggests a common regulatory mechanism 

may exist to facilitate cell cycle dependent chromatin interactions at the NE. 

Telomere tethering mechanisms will be discussed in (1.5.3). 

Inducible loci will remain bound to the NPCs for several hours following 

inactivation. The NPC association of these loci following inactivation allows the 

loci to reactivate with faster kinetics in a process known as transcriptional memory 

(Light et al.,  2010; D’Urso and Brickner 2017). During transcriptional memory, 

poised RNA Pol II PIC are bound to promoters to enhance the rate of future 

reactivation (Light et al.,  2010; Light and Brickner 2013; D’Urso et al.,  2016). For 

some genes such as GAL1, this involves the formation of an intragenic loop 

between the promoter and 3' end of the loci, known as a memory gene loop. 

Memory gene loops are stabilized by Mlp1 and are thought to facilitate reactivation 

by retaining TSFs (Brickner et al.,2007, 2016; Tan-Wong, Wijayatilake, & 

Proudfoot, 2009). For other genes such as INO1, transcriptional memory requires a 

DNA sequence known as a memory recruitment sequence (MRS). When going 

from activating to repressive conditions, the MRS binds TSFs, which facilitates the 

incorporation of other factors required for reactivation (D’Urso et al.,  2016; 

D’Urso and Brickner 2017).  
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1.5 Telomeres 

As discussed above (1.3.1), interactions of chromatin with the nuclear 

periphery contribute to the organization of the genome. In yeast, the Rabl 

conformation of chromosomes, which involves the tethering to telomeres to the NE, 

is an important determinant of the spatial organization of the genome. In contrast 

to S. cerevisiae, where telomeres are normally tethered to the NE throughout the 

cell cycle, mammals principally anchor telomeres transiently in meiosis (Scherthan 

et al.,  1996), although interactions of telomeres with the nuclear matrix have been 

reported in different contexts (De Lange 1992; Dechat et al.,  2004; Kaminker et 

al.,  2009; Crabbe et al.,  2012; Chojnowski et al.,  2015; Noordermeer et al.,  2018).  

Telomeres consist of repetitive DNA sequences and nucleoprotein 

structures positioned at the ends of chromosomes. Telomeres protect the ends of 

chromosomes from degradation, recombination, and DNA repair pathways. The 

structure of telomeres and the functional roles of telomeres in S. cerevisiae will be 

discussed in greater detail below.  

1.5.1 Telomere structure in yeast 

Telomeres consist of repetitive telomeric DNA sequences and a G-rich 

repetitive DNA sequence, which form a 3’ single-stranded overhang. Telomeres in 

yeast are composed of ~300 to 350 bp of TG1-3 DNA repeats, followed by a 3'-

orientated G-rich single-stranded overhang of approximately 10-15 nucleotides. 

Telomeric repeat sequences are free of nucleosomes and are bound by the DNA 

binding protein, Rap1 every 18 bps. Adjacent subtelomeric chromatin regions 
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contain subtelomeric repeat elements that are organized into nucleosomes. The 

amino-terminal tails of histones in subtelomeric chromatin are hypoacetylated 

relative to histones elsewhere in the genome (Tham and Zakian 2002). There are 

two classes of subtelomeric repeat elements in yeast which are called Y’ and X 

elements. Both Y’ and X elements contain autonomously replicating sequences. Y’ 

elements are found as single or tandem repeats of 2 to 4 copies but are not found in 

all telomeres. X elements are variable in size but contain a “core-X” repeat and are 

found in all telomeres. Histone density and nucleosome distribution at X and Y’ 

elements differ, with Y’ elements being shown to be more transcriptionally active 

(Zhu and Gustafsson 2009; Ellahi, Thurtle, and Rine 2015).  

Telomere capping involves binding proteins to telomeric DNA sequences 

to prevent the ends of chromosomes from being recognized as double-stranded 

breaks.  Proteins that function in telomere capping include Rap1/Rif1 (Marcand et 

al.,  2008; Bonetti et al.,  2010; Cornacchia et al.,  2012), the yKu complex (Bonetti 

et al.,  2010; Mimitou and Symington 2010), and the Cst complex (Kupiec 2014). 

The Cst complex binds to the single-stranded overhang, while the yKu complex 

and Rap1 bind to double-stranded telomeric DNA. Telomere association of Rif1 

occurs through interactions with the C-terminus of Rap1 (Mishra and Shore 1999). 

The uncapping of telomeres caused by the loss or mutations in these proteins results 

in telomere ends being inappropriately recognized as double-stranded DNA breaks 

(Mieczkowski et al.,  2003; Pardo and Marcand 2005; Marcand et al.,  2008).  

Telomeres also protect the ends of chromosomes from degradation by 

serving as a template for the reverse transcriptase, telomerase. Telomerase contains 
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an enzymatically catalytic protein subunit (Est2) and an RNA molecule containing 

a short template sequence (transcribed from TLC1; Singer and Gottschling, 1994; 

Lin et al., 2004) that is added onto the 3' G-rich single-stranded overhang. The 

addition of these repeats onto telomeres prevents the continual shortening of the 

chromosome with each round of replication. Only short stretches of the RNA 

template are copied in each round (Förstemann & Lingner, 2001; Lin et al.,2004), 

and not all telomeres are extended by telomerase every S-phase (Teixeira et al.,  

2004). The recruitment of telomerase is promoted by interactions with the yKu 

heterodimer (Stellwagen et al.,  2003; Ferreira et al.,  2011) and the Cst complex 

(Pennock, Buckley, and Lundblad 2001; Tseng, Lin, and Teng 2006; S. Li et al.,  

2009). Conversely, telomerase interactions with telomeres are inhibited by Pif1 and 

Rif1/2. Rif1/2 is proposed to antagonize telomerase by the "Rap1-counting 

mechanism." This mechanism provides a method to monitor and maintain telomere 

structure and length. In the “Rap1-counting mechanism,” the amount of Rif1/2 

bound to telomeres is dependent on the amount of Rap1 bound to telomeres. 

Because Rap1 binds to telomeric TG repeats every 18 bps, longer telomeres will 

have more Rap1/Rif bound to inhibit telomerase activity, whereas shorter telomeres 

will have less Rap1/Rif bound to inhibit telomerase (Levy and Blackburn 2004).  

In addition to the functions outlined above, the structure of telomeres also 

facilitates the formation of heterochromatin-like regions to promote the silencing 

of subtelomeric regions. The structure of telomeres also promotes the tethering of 

these regions to the INM, which further enhances the transcriptional regulation of 
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these regions and functions to establish the spatial organization of the genome. Both 

telomere silencing and telomere anchoring are discussed in greater detail below.  

1.5.2 Telomere silencing in yeast 

Telomeric DNA repeats, and adjacent subtelomeric chromatin, carries 

features of repressive chromatin. Vertebrate telomeres and subtelomeric chromatin 

are enriched with heterochromatin histone marks, including the trimethylated (me3) 

H3 histone at lysine 9 (H3K9me3). S. cerevisiae lack this major histone 

modification. Instead, they contain a SIR complex that represses transcription and 

forms heterochromatin-like regions (Kupiec 2014).  

The transcriptional silencing of subtelomeric chromatin in yeast, requires 

the binding of the silent information regulatory (SIR) proteins (includes Sir2, Sir3, 

and Sir4) to the C-terminus of telomere bound Rap1 (Moretti et al.,  1994). The 

binding of Sir4 to Rap1 allows Sir2, a NAD dependent histone deacetylase, to 

deacetylate H3 and H4 histones within these regions (Tanny et al.,  1999; Imai et 

al.,  2000). The deacetylation of H4 lysine 16 (H4K16) specifically promotes the 

binding of Sir3 (Liou et al.,  2005; Buchberger et al.,  2008). This, in turn, facilitates 

multiple rounds of SIR complex recruitment, whereby Sir2 generates additional 

binding sites through deacetylation, and the SIR complex can spread into 

subtelomeric regions (Zimmer and Fabre 2011). Boundary regions prevent 

silencing from spreading into sites of active transcription. The boundaries at 

subtelomeric regions are established through the competition between Sir2-

mediated deacetylation and Sas2-mediated acetylation of the histone H4K16 
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(Kimura, Umehara, and Horikoshi 2002; Suka, Luo, and Grunstein 2002). The 

spreading of the SIR complex is also limited by the enrichment of Sir proteins into 

telomere-localized compartments through their interactions with the NE-associated 

components required for telomere anchoring (Taddei and Gasser 2004).  

More recently, the idea of SIR complex binding and spreading across entire 

subtelomeric regions to facilitate silencing has been challenged. Rather SIR 

complex binding to subtelomeric regions has been shown to be “patchy,” with Sir 

proteins having the highest level of enrichment at core X-elements and telomeric 

repeats. Furthermore, the silencing of subtelomeric genes adjacent to sites enriched 

with the SIR complex only represents a small proportion of subtelomeric genes 

(Ellahi, Thurtle, and Rine 2015). As a result, SIR-mediated silencing may not be as 

widespread as previously thought. However, the SIR complex still appears to be 

required for the lower level of transcription observed at subtelomeric regions 

(Ellahi, Thurtle, and Rine 2015). The SIR complex may function to regulate the 

transcription of these subtelomeric genes in response to various agents or under 

different conditions (Fabre et al.,  2005; Ellahi, Thurtle, and Rine 2015). The SIR 

complex may also contribute to silencing at subtelomeric regions in conjunction 

with other chromatin factors. Alternatively, the enrichment of SIR proteins at 

subtelomeric chromatin may function to primarily prevent recombination of 

telomeric repeats, similar to the function of Sir2 in repressing recombination at 

rDNA (Ellahi, Thurtle, and Rine 2015). 
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1.5.3 Telomere anchoring to the INM in yeast 

The binding of specific proteins to telomeric/subtelomeric chromatin and 

NE-associated proteins facilitates the anchoring of telomeres to the NE throughout 

the cell cycle. Similar to the tethering of activated inducible genes to the NPCs, the 

tethering of telomeres to the NE limits the mobility of this chromatin (Hediger et 

al.,  2002).  

Telomere association with the NE is dynamically regulated throughout the 

cell cycle, with different NE-associated tethers being utilized during G1- and S-

phase (Fig. 1-2). During late S-phase, DNA replication causes the delocalization of 

telomeres from the NE (Ebrahimi and Donaldson 2008). Telomeres are then 

proposed to  reassociate with the NE during the later stages of mitosis (Laroche et 

al.,  2000; Hediger et al.,  2002; Ebrahimi and Donaldson 2008). Interestingly, the 

association of telomeres with the NE in mammalian cells has been shown to occur 

following mitosis (Crabbe et al.,  2012; Noordermeer et al.,  2018). These 

observations suggest a potentially conserved regulatory pathway facilitating 

telomere tethering to the NE during mitosis. However, a mitotic specific telomere 

tethering pathway has yet to be elucidated. The telomere anchoring pathways in 

G1- and S-phase in yeast have been shown to occur by two redundant pathways: 

the SIR-dependent telomere tethering pathway and the yKu-dependent telomere 

tethering pathway.  

The SIR-dependent telomere tethering pathway involves the interactions of 

Sir4 with various NE-associated proteins. In G1-phase, the C-terminus PAD 

domain of Sir4 interacts with NE-associated Esc1 to facilitate telomere tethering 
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(Andrulis et al.,  2002; Taddei et al.,  2004). The interaction of Sir4 with Esc1, 

Nup170, and other Nups required for telomere tethering during G1-phase appears 

to occur at distinct Nup subcomplexes, termed the Snup complex (Lapetina et al.,  

2017). During S-phase, telomere tethering is promoted by Sir4 interactions with 

NE-associated Mps3 (Bupp et al.,  2007). Nup170 (Van De Vosse et al.,  2013) and 

the Smc5/6 complex (Moradi-Fard et al.,  2016) also facilitates telomere tethering 

to the NE by promoting the incorporation of Sir4 into subtelomeric chromatin. 

The interactions of the yKu complex (composed of yKu70 and yKu80) with 

various NE-associated proteins regulates the yKu-dependent telomere tethering 

pathway. The yKu70/80 complex facilitates telomere tethering in G1-phase through 

interactions with Esc1 and an unknown NE anchor (Taddei et al.,  2004). While S-

phase telomere tethering is facilitated by the interactions of yKu80 with the 

telomerase complex (Est1) and NE-associated Mps3 tether (Taddei et al.,  2004; 

Schober et al.,  2009). The SUMOylation of the yKu complex has also been shown 

to enhance telomere tethering in S-phase (Ferreira et al.,  2011). SUMOylation and 

its role in various cellular processes, including telomere tethering, will be discussed 

in greater detail in 1.6.  

Other components of the NPC, including the nuclear basket components, 

Mlp1/Mlp2 (Feuerbach et al.,  2002; Galy et al.,  2000), have also been shown to 

contribute to telomere association with the NE; however, these observations were 

controversial as they were not reproducible (Hediger et al.,  2002). 
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Figure 1-2. Schematic representation of telomere tethering mechanisms at the 

NE in S. cerevisiae. Telomeres are tethered to the NE through partially redundant 

mechanisms involving the transient interactions of chromatin-bound proteins, Sir4 

and the yKu70/80 (yKu) complex, and INM tethers. During G1-phase, telomere 

anchoring is mediated through yKu interactions with Esc1 and an unknown NE 

tether. Telomere tethering in G1-phase is also mediated through the interaction of 

Sir4 with Esc1 and Nup170. Sir4 interactions with Esc1 and Nup170, appear to 

occur within the Snup complex (complex composed of Siz2, Sir4, Esc1, and various 

Nups). During S-phase, Sir4 tethers telomeres predominantly through interactions 

with the integral INM protein, Mps3. yKu80 tethers telomeres predominantly 

through interactions with telomerase and Mps3, during S-phase. Conjugation of 

SUMO (Su) to yKu enhances telomere anchoring during S-phase. Components of 

the NPC have also been implicated in telomere recruitment to the NE. 
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1.6 SUMOylation  

Post-translation modifications, such as SUMOylation, are versatile 

mechanisms that regulate multiple biological functions, including many NE-

associated processes. The Small Ubiquitin-like MOdifier, or SUMO, is a conserved 

~12 kDa protein part of the ubiquitin-like family of proteins. Ubiquitin and SUMO 

share a similar 3D globular structure termed the ubiquitin or β-grasp fold (Bayer et 

al.,  1998; Hochstrasser 2000; Jentsch and Pyrowolakis 2000), which facilitates 

their functions as small polypeptide modifiers of target proteins. Similarities 

between SUMO and ubiquitin also extend to the enzymatic pathway that chemically 

activates and conjugates these proteins to their targets. However, unlike the 

ubiquitin system, which contains multiple enzymes to regulate target specific 

conjugation, the SUMOylation system in comparison is relatively simple, 

containing significantly fewer enzymes involved in these processes. Instead, target 

specific conjugation is predicted to be derived from the subcellular localization of 

SUMOylation machinery components (Jentsch and Psakhye 2013).  

1.6.1 SUMO and SUMOylated proteins 

The gene for SUMO encodes a pro-protein, which contains a C-terminal 

extension that must be cleaved to produce its mature and conjugatable form (S. J. 

Li and Hochstrasser 2003). In S. cerevisiae, there is only one SUMO gene, SMT3, 

while in mammalian cells, there are five putative SUMO genes (SUMO-1-5; Liang 

et al.,2016). Yeast SMT3 and mammalian SUMO-1 are highly conserved, with 

SUMO-1 being able to rescue the loss of SMT3 in yeast (Yoshimitsu Takahashi et 
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al.,  1999). Mammalian SUMO-1 only shares a ~50% sequence identity with 

SUMO-2 and SUMO-3, while SUMO-2 and SUMO-3 themselves have a 97% 

shared sequence identity and are, therefore, often referred to as SUMO-2/3. 

Mammalian SUMO paralogs differ in their intracellular distributions, and target 

protein specificity. SUMO-1 is constitutively conjugated to substrates, while 

SUMO-2/3 are preferentially conjugated to proteins in response to stress (Saitoh 

and Hinchey 2000; Ayaydin and Dasso 2004). It is unclear whether SUMO-4 and 

SUMO-5 are processed into conjugatable forms.  

The cleavage of SUMO into its mature and conjugatable form exposes a C-

terminal di-glycine motif. The C-terminal di-glycine motif of mature SUMO can 

then be conjugated to a lysine in a target protein. SUMOylation can occur at 

numerous lysine sites, including those with no apparent motif (Hoege et al.,  2002; 

Erica S. Johnson 2004). However, most SUMOylation sites are found within a 

defined motif. SUMO is often conjugated to the lysine within the SUMO consensus 

motif ψ-K-x-D/E, where ψ is a hydrophobic residue and x is any amino acid residue 

(Rodriguez, Dargemont, and Hay 2001; Sampson, Wang, and Matunis 2001). 

Alternative SUMO motifs expand on the specific characteristics of the SUMO 

consensus motif. Variants of the consensus SUMO motif include those that 

introduce a negative charge, which facilitates the recruitment of the E2-SUMO 

thioester for efficient SUMOylation (S. H. Yang et al.,  2006; Mohideen et al.,  

2009). The negative charge can be introduced by either phosphorylation 

(phosphorylation-dependent SUMOylation motif; PDSM) or by acidic amino acid 

residues (negatively charged amino acid-dependent SUMOylation motif; NDSM). 
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PDSMs require a nearby phosphorylation event to increase the SUMOylation of a 

substrate (Grégoire et al.,  2006; Hietakangas et al.,  2006). Whereas NDSMs 

require the presence of two acidic residues downstream of the conjugated lysine for 

efficient SUMOylation (S. H. Yang et al.,  2006). SUMOylation has also been 

found to occur at inverted SUMOylation motifs (E/D-x-K-ψ), and hydrophobic 

cluster motifs (ψψψ-K-x-D/E), although how these alternative motifs facilitate 

SUMOylation is not fully understood (Matic et al.,  2010; Impens et al.,  2014; 

Hendriks and Vertegaal 2016).  

1.6.2 SUMO Conjugation 

SUMOylation results in the formation of an isopeptide bond with the ε-

amino group of the acceptor lysine in the target protein (Johnson & Blobel, 1997). 

SUMO can either be conjugated to a target protein (SUMOylation) or itself to result 

in the formation of SUMO chains (polySUMOylation; Bylebyl, Belichenko, & 

Johnson, 2003). SUMO conjugation (Fig. 1-3) begins with activating mature 

SUMO in an ATP-dependent mechanism. This is facilitated by the E1-activating 

enzyme, which in yeast is the Aos1/Uba2 heterodimer. The adenylation of SUMO 

results in the formation of a thioester bond between the catalytic cysteine of the E1 

enzyme and SUMO (Desterro et al.,  1999; Erica S. Johnson et al.,  1997; Gong et 

al.,  1999). The E1-SUMO thioester complex can then interact with the E2-

conjugating enzyme. There is only one E2 conjugating enzyme, Ubc9, whose 

primary sequence is highly conserved across all eukaryotes. Activated SUMO is 

transferred, in a  
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Figure 1-3. SUMO maturation and targeting in S. cerevisiae. SUMO is a post-

translational modification that promotes various cellular functions by modulating 

the interactions of the SUMOylated protein, the biochemical activity of the 

SUMOylated protein or the localization of the SUMOylated protein. Initial 

maturation of SUMO occurs through the removal of the C-terminal tripeptide, by 

the isopeptidase, Ulp1. This exposes a di-glycine motif and produces a mature 

SUMO that can then be conjugated to a target protein. Mature SUMO is transferred 

to the E1 activating enzyme, Uba2/Aos1, in an ATP-dependent manner forming an 

adenylated intermediated. The E1 enzyme then transfers activated SUMO to the E2 

conjugate enzyme, Ubc9. Ubc9 can then SUMOylate a target protein itself by 

recognizing the SUMO consensus motif. SUMOylation of target proteins can also 

be facilitated with the aid of E3 ligases.  In yeast there are four E3 ligases; Siz1, 

Siz2, Mms21, and Zip3. Removal of SUMOylation occurs through the 

deSUMOylating enzymes, Ulp1 and Ulp2. Adapted from(Cremona, Sarangi, and 

Zhao 2012).  
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trans-esterification reaction, to the thiol group of the active site cysteine in Ubc9 

(Johnson & Blobel, 1997; D. Lin et al.,2002). Ubc9 can then SUMOylate target 

proteins on its own, by binding directly to SUMO consensus motif (Bernier-

Villamor et al.,  2002), or with the assistance of SUMO E3 ligases. 

1.6.3 SUMO E3 ligases 

SUMO E3 ligases coordinate SUMOylation by binding the target, Ubc9, 

and SUMO, and positioning all components into the optimal conformation required 

for conjugation (Geiss-Friedlander & Melchior, 2007; Johnson, 2004; Yunus & 

Lima, 2009). Several proteins have been proposed to be SUMO E3 ligases in the 

literature. However, only three classes of SUMO E3 ligases have had 

comprehensive biochemical and structural analysis to confirm their status as E3 

ligases (Pichler et al.,  2017).  The three main classes of E3 ligases are SP-RING, 

RanBP2, and ZNF451. RanBP2 is vertebrate-specific and does not resemble any 

other ubiquitin enzyme or SUMO ligase (Pichler et al.,  2004). ZNF451 E3 ligases 

are highly specific for SUMO-2/3 conjugation (Cappadocia, Pichler, and Lima 

2015; Eisenhardt et al.,  2015). While SP-RING E3 ligases are the only E3 ligases 

conserved from yeast to humans. There are four E3 ligases in yeast: Siz1, Siz2, 

Mms21, and Zip3, which are all classified as SP-RING E3 ligases.  

All SP-RING E3 ligases have a RING domain adjacent to a SP C-terminal 

domain (Johnson & Gupta, 2001). The SP-RING domain is highly similar to 

ubiquitin-RING domains, The SP-RING domain binds to Ubc9 and is required for 

SUMO ligase activity (X. Zhao and Blobel 2005). SP-RING ligases also contain a 
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SIM motif. The SIM motif may interact with the SUMO of the E2-thioester for 

optimal orientation and discharge (Song et al.,  2004; 2005) or facilitate target 

specificity and SUMOylation enhancement (Psakhye and Jentsch 2012). The C-

terminus of SP-RING ligases have minimal sequence similarity, which helps 

facilitate substrate specificity (Johnson & Gupta, 2001). Mms21 is part of the 

Smc5/6 complex, which localizes to sites of DNA damage, centromeres, telomeres, 

and the nucleolus (X. Zhao and Blobel 2005; Potts 2009). While the localization 

and target specificity of Zip3 is regulated by its incorporation into the synaptonemal 

complex (C. H. Cheng et al.,  2006). 

Siz1 and Siz2 are considered PIAS SP-RING E3 ligases due to their 

sequence similarity with proteins of the PIAS family (Johnson & Gupta, 2001). 

Mammalian PIAS SP-RING E3 ligases include PIAS 1-4 (Varejão et al.,  2020). In 

addition to a SP-RING and SIM motif, PIAS SP-RING E3 ligases also contain a 

SAP and PINIT domain. The SAP domain is required for DNA association (Okubo 

et al.,  2004; Suzuki et al.,  2009), while the PINIT domain is required for substrate 

interactions/specificity and the subcellular localization of the E3 ligase (Yunus and 

Lima 2009; Mautsa et al.,  2011; Duval et al.,  2003; Reindle et al.,  2006).  

The subcellular localization of SUMO E3 ligases is an important 

determinant of SUMOylation target specificity. While Siz2 can SUMOylate septins 

in vitro, Siz1 is strictly required for the SUMOylation of septins in vivo (Takahashi 

& Kikuchi, 2003). This is due to the subcellular localization of Siz1. During 

mitosis, Siz1 is exported from the nucleus by Kap142/Msn5 and subsequently 

targeted to septins to facilitate SUMOylation (Makhnevych et al.,  2007). Siz2 is 
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localized to sites of DNA damage (Psakhye and Jentsch 2012), while Mms21 and 

Zip3 target specificity and subcellular localization are regulated by the 

incorporation of these ligases into the protein complexes mentioned above.  

1.6.4 SUMO Proteases 

SUMOylated proteins can be deSUMOylated by SUMO proteases, which 

are also referred to as isopeptidases or deSUMOylases. SUMO-specific proteases 

function to cleave SUMO precursors into their mature form and remove SUMO 

from target proteins. In yeast, there are two SUMO-specific proteases (Ulp; Li & 

Hochstrasser, 2000; Li & Hochstrasser, 1999), and in humans, there are six 

sentrin/SUMO-specific proteases (SENP; Hay, 2007). Ulps and SENPs have a 

conserved cysteine protease domain at their C-terminus required for their catalytic 

activity (Li & Hochstrasser, 1999). In yeast and mammalian cells, SUMO-specific 

proteases differ in their subcellular distributions and target specificity.  

In mammalian cells, SENP-1 and SENP-2 are responsible for removing 

SUMO-1-3 and are localized to the NE (Y. Wang et al.,  2009). SENP-3 and SENP-

5 preferentially remove SUMO-2/3 and are localized to the nucleolus. While 

SENP-6 and SENP-7 preferentially remove SUMO-2/3 in the nucleoplasm (Drag 

and Salvesen 2008). The two SUMO proteases in yeast, Ulp1, and Ulp2, also have 

different subcellular localizations and remove SUMO from distinct sets of 

substrates (Li & Hochstrasser, 2000; Li & Hochstrasser, 1999). Ulp1 is the C-

terminal hydrolase responsible for cleaving the SMT3 precursor into its mature form 

(S. J. Li and Hochstrasser 1999; S.-J. Li and Hochstrasser 2000; S. J. Li and 
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Hochstrasser 2003) and is localized to NPCs (V. G. Panse et al.,  2003; Y. Zhao et 

al.,  2004; Y. Takahashi et al.,  2000). Ulp1 is essential due to its C-terminal 

hydrolase activity and its role in maintaining free SUMO (S. J. Li and Hochstrasser 

1999; De Albuquerque et al.,  2016). Ulp2 is not essential and is required for the 

disassembly of SUMO chains (Eckhoff and Dohmen 2015; Bylebyl, Belichenko, 

and Johnson 2003). Ulp2 localizes to the nucleus and nucleolus (Srikumar, 

Lewicki, and Raught 2013) and associates with chromatin (S.-J. Li and 

Hochstrasser 2000; Strunnikov, Aravind, and Koonin 2001).  

The subcellular localization of Ulp1 and Ulp2 appears to facilitate the 

deSUMOylation of specific targets (S. J. Li and Hochstrasser 1999; S.-J. Li and 

Hochstrasser 2000). For example, altering the NPC association of Ulp1 results in 

the deSUMOylation of additional substrates by Ulp1 (Makhnevych et al.,  2007; 

Sydorskyy et al.,  2010; Texari et al.,  2013). The association of Ulp1 with the NPC 

is dependent on its interactions with karyopherins (Kap121 and Kap95-Kap60) and 

specific Nups (V. G. Panse et al.,  2003; Y. Takahashi et al.,  2000; Makhnevych et 

al.,  2007; Srikumar, Lewicki, and Raught 2013; Y. Zhao et al.,  2004; Palancade 

et al.,  2007). These interactions are lost during mitosis or under alcohol stress, 

resulting in the relocalization of Ulp1 to septins (Makhnevych et al.,  2007) or the 

nucleolus (Sydorskyy et al.,  2010), respectively, where Ulp1 facilitates specific 

deSUMOylation events.  

Post-translational modifications may also regulate Ulp/SENP substrate 

specificity. Ulp2 phosphorylation by Cdc5 during mitosis inhibits Ulp2 activity 

(Baldwin et al.,  2009). While alterations to SENP-3 ubiquitination in response to 
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reactive oxygen species stabilizes the protein to facilitate specific deSUMOylation 

events (Kuo et al.,  2008; Huang et al.,  2009). 

1.6.5 Molecular Consequences of SUMOylation 

The consequences of inhibiting SUMOylation can lead to both detectable 

and nondetectable changes in the function of the SUMOylated protein. In the latter 

case, this may be due to the fact that mutating the modified lysine may also block 

competitive modifications, such as acetylation or ubiquitination, resulting in the 

same effect as SUMOylation. Mutating the lysine targeted for SUMOylation may 

also show no observable phenotype as the SUMOylation of the target protein may 

still occur at an alternative lysine. Furthermore, protein group SUMOylation, which 

involves the SUMOylation of many proteins in one pathway or complex (Erica S. 

Johnson and Blobel 1999; Cremona, Sarangi, and Zhao 2012; Psakhye and Jentsch 

2012), may be unaffected by the loss of a single SUMOylated protein. As 

SUMOylation and deSUMOylation events are highly dynamic, with less than 1% 

of the proteome predicted to be SUMOylated at a given time (Erica S. Johnson 

2004), low SUMOylation steady states may also contribute to the difficulties in 

identifying the function of a SUMOylation event. However, despite these 

difficulties, a vast array of cellular processes and the molecular consequences of 

SUMOylation have been established.  

SUMOylation can regulate the cellular localization, enzymatic activity, and 

stability of a protein (Cubeñas-Potts and Matunis 2013). Many of these 

consequences are the result of SUMOylation altering protein interactions. The 
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SUMOylation of RanGAP1, for example, facilitates its interactions with NPCs and 

was the first example of SUMOylation altering the localization of a protein 

(Matunis, Coutavas, and Blobel 1996; Mahajan, Gerace, and Melchior 1998; 

Mahajan et al.,  1997). SUMOylation can also inhibit (Pichler et al.,  2005; Ryu et 

al.,  2010) or enhance (Kirsh et al.,  2002; David, Neptune, and Depinho 2002; J. 

Cheng et al.,  2004; Morris et al.,  2009) the enzymatic activity of a protein. Because 

SUMOylation targets lysine residues, it can compete with other lysine-specific 

post-translational modifications such as acetylation or ubiquitination. For example, 

the SUMOylation of MEF2A prevents its acetylation, which results in the inhibition 

of MEF2 activity (Shalizi et al.,2006). Conversely, the SUMOylation of IκBα 

prevents its ubiquitin-mediated degradation promoting its stability (Desterro, 

Rodriguez, and Hay 1998).  

1.6.5.1 SUMO:SIM interactions 

As mentioned above, SUMOylation often mediates physical interactions. 

SUMOylation can inhibit protein interactions by blocking the interaction sites of 

other substrates (Moldovan, Pfander, and Jentsch 2006). However, more common 

is the ability of SUMO to promote protein interactions. The most common way 

SUMOylation promotes protein interactions is by non-covalent interactions 

between SUMO and a SUMO interacting motif (SIM) in an interacting partner 

(Lascorz et al.,  2021). SIMs are hydrophobic regions often surrounded by acidic 

amino acid residues that weakly bind to SUMO (Song et al.,  2004; Hannich et al.,  

2005; Hecker et al.,  2006). The SIM consensus motif is [V/I]-x-[V/I]-[V/I], where 

x can be any residue. Multiple SIM consensus motifs can be clustered in a protein 
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to facilitate the binding of SUMO chains (Sun and Hunter 2012).However, SIM 

motifs are not always utilized and may require additional factors to promote their 

utilization. For example, phospho-SIMs require a phosphorylation event near a SIM 

motif to introduce a negative charge which enhances binding to the positive SUMO 

patch (Stehmeier and Muller 2009; Anamika and Spyracopoulos 2016; Naik et al.,  

2011).  

SUMO:SIM interactions can facilitate intramolecular (Steinacher and Schär 

2005) and intermolecular interactions (Papouli et al.,  2005; Pfander et al.,  2005; 

Matunis, Zhang, and Ellis 2006; Psakhye and Jentsch 2012). SUMO:SIM 

interactions can also facilitate and strengthen the interactions of macromolecule 

assemblies through protein group SUMOylation and the formation of “SUMO 

hubs.” Examples of protein group SUMOylation includes interactions within PML 

nuclear bodies (Matunis, Zhang, and Ellis 2006) and DNA-damage associated 

protein complexes (Psakhye and Jentsch 2012). The formation of these “SUMO 

hubs” is thought to be promoted by many weak SUMO:SIM interactions (Jentsch 

and Psakhye 2013). It is estimated that up to 90% of SUMO binding proteins with 

SIMs are also SUMOylation targets (González-Prieto et al.,  2021). This may 

explain how SUMO:SIM protein networks enhance SUMOylation events and 

amplify weak SUMO:SIM interactions to promote various biological functions. 

1.6.6 SUMOylation and the NE 

The characterization of SUMO first occurred when it was discovered that 

there were two versions of RanGAP1; a smaller 70 kDa cytoplasmic version, 

consistent with the predicted size of RanGAP1, and a larger NPC-associated form, 
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which was identified as SUMOylated RanGAP1 (Matunis, Coutavas, and Blobel 

1996; Mahajan et al.,  1997; Bayer et al.,  1998). As RanGAP1 is a protein involved 

in regulating nucleocytoplasmic transport, the requirement of SUMOylation for the 

association of RanGAP1 with the NPCs suggested a link between SUMOylation 

and nucleocytoplasmic transport. Over the years, studies have supported this 

conclusion and identified additional roles and targets of SUMOylation at the NE 

(V. G. Wilson 2017). For example, the SUMOylation of lamins is involved in 

preserving nuclear shape (Zhang and Sarge 2008) and regulating nucleophagy in 

response to DNA damage (Yunong Li et al.,  2019). Various laminopathies are also 

associated with abnormalities in SUMOylation (Boudreau et al.,  2012; Kelley et 

al.,  2011). NPC formation is affected by SUMOylation (Lewis, Felberbaum, and 

Hochstrasser 2007; Rouvière et al.,  2018). The targeting of eroded telomeres, and 

other forms of DNA damage to the nuclear periphery for repair are also regulated 

by SUMOylation (Palancade et al.,  2007; Psakhye and Jentsch 2012; Churikov et 

al.,  2016; Horigome et al.,  2016; Seeber and Gasser 2017). SUMOylation at the 

NE is also crucial for the spatial organization of the genome. The role of 

SUMOylation in the spatial organization of the genome will be discussed in greater 

detail below (1.6.6.1, 1.6.6.2). In addition to those functions mentioned above, are 

a plethora of other NE-associated events regulated by SUMOylation. However, 

numerous SUMOylated INM-associated proteins identified have still not been fully 

characterized (Srikumar, Lewicki, and Raught 2013; Vikram Govind Panse et al.,  

2004; Wohlschlegel et al.,  2004; Y. Zhao et al.,  2004; Hannich et al.,  2005; 

Wykoff and O’Shea 2005). 
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 In addition to the enrichment of SUMOylated proteins at the NE is the 

association of various SUMOylation machinery components with the NE, including 

SUMO E3 ligases and SUMO proteases. In mammals, the RanBP2 E3 ligase, which 

binds RanGAP1-SUMO-Ubc9, is associated with the NPC (Pichler and Melchior 

2002). The PIAS1 E3 ligase is also associated with the nuclear matrix in mammals 

(Sachdev et al.,  2001; Zhou et al.,  2008; Z. Chen et al.,  2021). While in yeast, the 

SUMO E3 ligase, Siz2, is part of a physically distinct Nup complex, termed the 

Snup complex, at the INM (Lapetina et al.,  2017). deSUMOylases are also enriched 

at the NE. In mammals, SENP-1 and SENP-2 are localized to the NE (Y. Wang et 

al.,  2009). While in yeast, Ulp1 is associated with NPCs (Y. Takahashi et al.,  2000; 

Makhnevych et al.,  2007; Srikumar, Lewicki, and Raught 2013; Y. Zhao et al.,  

2004; Palancade et al.,  2007). The localization of these SUMOylation machinery 

components to the NE facilitates specific SUMOylation and deSUMOylation 

events which regulate various NE-associated processes.  

Overall, SUMOylation at the NE has emerged as an important regulator of 

various cellular processes. This thesis focuses on identifying biological functions 

of SUMOylation at the NE. Specific cellular events and their connections to 

SUMOylation which are relevant to the focus of this thesis, are discussed in greater 

detail below.  

1.6.6.1 SUMOylation and transcriptional activation 

As discussed above, SUMOylated proteins and SUMOylation machinery 

components are enriched at the INM, where they can regulate multiple NE-
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associated functions. This includes the transcriptional regulation of NPC-associated 

genes. For example, SUMOylation is involved in the transcriptional regulation and 

subcellular localization of the inducible gene, GAL1. Upon activation, there is an 

accumulation of SUMOylated proteins at the GAL1 locus (Rosonina, Duncan, and 

Manley 2010; 2012). Following activation, the deSUMOylation of the 

transcriptional repressors Tup1 and Ssn6 by Ulp1 facilitates the efficient activation 

of GAL1  (Texari et al.,  2013). The deSUMOylation of these proteins at NPCs is 

proposed to uncover binding sites which could promote the association of various 

transcription activators and chromatin remodellers required for transcriptional 

activation (Texari et al.,  2013). Consistent with deSUMOylation promoting the 

transcription of GAL1, SUMOylated histones were detected at GAL1 under 

uninduced conditions, with transcriptional activation corresponding to a decrease 

in SUMOylated histones at these regions (Nathan et al.,  2006). Thus, both 

SUMOylation and deSUMOylation events are important for the transcriptional 

regulation of GAL1 and potentially other loci. As multiple TSFs have been 

identified as SUMOylation targets (Denison et al.,  2005; Hannich et al.,  2005; 

Wohlschlegel et al.,  2004; Makhnevych et al.,  2009; Srikumar, Lewicki, and 

Raught 2013; Rosonina et al.,  2017), SUMOylation is likely involved in regulating 

other inducible genes in yeast. 

1.6.6.2 SUMOylation and telomeres 

The regulation of telomeres by SUMOylation has been reported in 

numerous contexts. SUMOylation has been linked to the transcriptional activity of 

subtelomeric associated genes (Nathan et al.,  2006; Hang et al.,  2011). For 
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example, in yeast, SUMOylated histones are enriched at subtelomeric chromatin, 

where they are proposed to enhance the transcriptional repression of subtelomeric 

associated genes (Nathan et al.,  2006). SUMOylation has also been shown to 

regulate telomere tethering (Ferreira et al.,  2011; Lapetina et al.,  2017) and 

telomere clustering (X. Zhao and Blobel 2005; Moradi-Fard et al.,  2016). 

Furthermore, SUMOylation has been shown to regulate telomere length by two-

independent mechanisms (Hang et al.,  2011; Ferreira et al.,  2011). The 

SUMOylation of Cdc13 during S-phase has been shown to inhibit telomere 

elongation (Hang et al.,  2011). While Siz2-mediated SUMOylation of yKu70/80 

enhances telomere tethering during S-phase to prevent elongation (Ferreira et al.,  

2011). Siz2 has also been shown to interact with a distinct Nup subcomplex, termed 

the Snup complex, which contains Sir4 and Esc1. The association of Sir4 and Siz2 

with this complex is predicted to play a role in subtelomeric chromatin organization 

and the NE tethering of telomeres (Lapetina et al.,  2017). As multiple telomere-

associated proteins, in addition to those mentioned above, have been identified as 

SUMOylation targets (Denison et al.,  2005; Hannich et al.,  2005; Wohlschlegel et 

al.,  2004; Makhnevych et al.,  2009; Srikumar, Lewicki, and Raught 2013) 

SUMOylation is likely involved in additional aspects of telomere biology. 

1.7 Thesis focus 

The INM is endowed with a specialized proteome critical to its functions in 

numerous nuclear processes, including the spatial organization of the genome. A 

significant amount of work has linked SUMOylation to these and other biological 

processes at the NE. However, the spatial and temporal regulation of these 
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SUMOylation events, the SUMOylation machinery components, and the exact 

SUMOylation targets involved in the regulation of these NE-associated processes 

is still unclear. The broad focus of this thesis was to identify SUMOylated proteins 

at the NE, characterize the biological consequences of SUMOylating these proteins, 

and to identify the regulatory mechanisms that facilitate the SUMOylation of these 

proteins. The following chapters examined the regulation of Siz2 and Siz2-

mediated SUMOylation at the NE in response to external stimuli and temporal cues. 

The molecular consequences of these NE-associated SUMOylation events were 

characterized to identify new ways in which SUMOylation and the SUMO pathway 

machinery contributes to cellular functions of the INM.   

In Chapter 3, I describe data on the role of Siz2-mediated SUMOylation in 

facilitating the relocalization of the activated INO1 loci to the NPC. In Chapter 4, I 

describe data on a specific spatial and temporal regulatory system that facilitates 

the enrichment of Siz2 at the INM during mitosis. While in Chapters 4 and 5, I 

show that the enrichment of Siz2 and Siz2-mediated SUMOylation at the INM 

regulates chromatin interactions with the NE and lipid metabolism during mitosis. 

The work in these chapters has identified novel biological functions for 

SUMOylation at the INM and elucidated previously unidentified systems which 

facilitate the re-association of chromatin with the INM and the expansion of the NE 

during mitosis. 

The work described in this thesis provides new insights into specific INM-

associated processes regulated by Siz2 and Siz2-mediated SUMOylation.  
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Chapter II: Experimental Procedures  
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2.1 Yeast strains and media 

All yeast strains were grown in YPD (1% yeast extract, 2% bactopeptone, and 

2% glucose), or synthetic medium lacking inositol or amino acids (per l: 1.7g yeast 

nitrogen base, 5g ammonium acetate, 1.7 g amino acid dropout powder and 2% 

glucose), as required. 5-FOA containing plates were made according to (Boeke et al.,  

1987). Strains were grown overnight at RT temperature under agitation. The following 

day cells were diluted into fresh media at an OD of 0.1 and grown for at least three 

generations at 30°C, unless otherwise indicated.  All W303 telomere tethering strains 

were grown in YPD medium supplemented with 120 µg/ml adenine. All yeast strains 

used in this thesis are listed in Table 2-1. 

Transformations were performed using a lithium acetate/polyethylene glycol 

method (Gietz and Woods 2002). Gene deletions, protein fusions, and amino acid 

substitutions of genes were generated using a PCR-based one-step method for gene 

modifications (Longtine et al.,  1998). PCR templates were either isolated from 

chromosomal DNA or from plasmid DNA (listed below). Deletion strains were 

generated by replacing the ORF of a given gene with a PCR cassette consisting of ~60 

bp 5’ of the ORF start codon -a MX marker gene - ~60 bp 3’ of the ORF’s stop codon. 

The genomic integration of protein fusions (protein A, V53, 13xMYC, eGFP, mCherry) 

were generated using PCR cassettes consisting of a 40 bp 5’-overhang that anneals to 

regions immediately upstream and downstream of the start or stop codon of the gene 

of interest. Confirmation of protein fusions were primarily confirmed by western 

blotting. Amino acid substitutions were introduced by site-directed mutagenesis of 

genomic loci using a PCR-based one-step integration method. Genomic DNA derived 
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from WT tagged genomic loci were used as DNA templates for PCR amplification and 

genomic integration. Sense oligonucleotides contained ~60 bp 5’ upstream of the 

altered sequence -the mutagenic nucleotides- ~20 nucleotides downstream of the 

altered sequence. Antisense oligonucleotides were the same as those used for C-

terminal tagging. In the case of scs2 mutants the antisense oligonucleotides included 

mutagenic nucleotides within the relevant SCS2 condon(s). The sense oligonucleotide 

encompassed 20 nucleotides within the 5’ end of the KAN-MX TEF1 promoter and 60 

bases upstream of position 242 5’ of the SCS2 start codon. All mutations were sequence 

verified. Strains bearing multiple gene modifications were derived by crossing relevant 

strains followed by sporulation, dissection, and selection. Gene deletions assessed for 

Siz2-SUMOylation targeting assays (Table 4-2) were derived from the haploid Mata 

yeast deletion library (Invitrogen). TAP-tagged proteins were obtained from the yeast 

TAP tag library (Ghaemmaghami et al.,  2003). 

Table 2-1. Yeast strains. 

Strain 

Name 

Genotype Base 

Strain 

Source 

YEF473A MATa ura3-52 lys2-801 leu2-∆1 his3-

∆200 trp1-∆63 

YEF473A Bi and 

Pringle, 

1996 

NY109 MATa his3-∆200::lacI-GFP-HIS3 

INO1::lacO(256)-TRP1 NUP49-mRFP-

hph 

YEF473A These 

Studies 

NPY1202 MATa his3-∆200::lacI-GFP-HIS3 

INO1::lacO(256)-TRP1 NUP49-mRFP-

HPH siz1∆::KAN 

YEF473A These 

Studies 

NPY1203 MATa his3-∆200::lacI-GFP-HIS3 

INO1::lacO(256)-TRP1 NUP49-mRFP-

HPH siz2∆::KAN 

YEF473A These 

Studies 

NPY1010 MATa SIZ2-PrA-HIS3 YEF473A These 

Studies 

CPY4245 MATa siz2∆::KAN  YEF473A These 

Studies 
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NPY1101 MATa ULP1-PrA-HIS3 YEF473A These 

Studies 

NY259 MATa ulp1∆1-150-NAT YEF473A These 

Studies 

CPY4198 MATa ulp1∆150-340-NAT YEF473A These 

Studies 

CPY4182 MATa ulp1∆1-340-KAN YEF473A These 

Studies 

CPY4201 MATa ULP1-GFP-HIS YEF473A These 

Studies 

CPY4202 MATa ulp1∆150-340-GFP-HIS YEF473A These 

Studies 

CPY4203 MATa ulp1∆1-340-GFP-HIS YEF473A These 

Studies 

CPY4204 MATa ulp1∆1-340-GFP-HIS YEF473A These 

Studies 

NY336 MATa his3-∆200::lacI-GFP-HIS3 

INO1::lacO(256)-TRP1 NUP49-mRFP-

HPH ulp1∆1-150-NAT 

YEF473A These 

Studies 

NY337 MATa his3-∆200::lacI-GFP-HIS3 

INO1::lacO(256)-TRP1 NUP49-mRFP-

HPH ulp1∆150-340-NAT 

YEF473A These 

Studies 

CPY4191 MATa his3-∆200::lacI-GFP-HIS3 

INO1::lacO(256)-TRP1 NUP49-mRFP-

HPH ulp1∆1-340-KAN 

YEF473A These 

Studies 

CPY200 MATa his3-∆200::lacI-GFP-HIS3 

INO1::lacO(256)-TRP1 NUP49-mRFP-

HPH ulp1∆1-340-KAN pRS315 

YEF473A These 

Studies 

CPY201 MATa his3-∆200::lacI-GFP-HIS3 

INO1::lacO(256)-TRP1 NUP49-mRFP-

HPH ulp1∆1-340-KAN pRS315.ULP1 

YEF473A These 

Studies 

CPY202 MATa his3-∆200::lacI-GFP-HIS3 

INO1::lacO(256)-TRP1 NUP49-mRFP-

hph pRS315 

YEF473A These 

Studies 

CPY203 MATa his3-∆200::lacI-GFP-HIS3 

INO1::lacO(256)-TRP1 NUP49-mRFP-

hph pRS315-ULP1 

YEF473A These 

Studies 

CPY204 MATa pRS315-ULP1-GFP YEF473A These 

Studies 

CPY205 MATa pRS315-ulp1CSDN-GFP YEF473A These 

Studies 

CPY206 MATa ULP1-mCherry-NAT pRS315-

ULP1-GFP 

YEF473A These 

Studies 

CPY207 MATa ULP1-mCherry-NAT pRS315-

ulp1CSDN-GFP 

YEF473A These 

Studies 
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CPY209 MATa his3-∆200::lacI-GFP-HIS3 

INO1::lacO(256)-TRP1 NUP49-mRFP-

HPH pRS315 

YEF473A These 

Studies 

CPY209 MATa his3-∆200::lacI-GFP-HIS3 

INO1::lacO(256)-TRP1 NUP49-mRFP-

HPH pRS315.ULP1-GFP 

YEF473A These 

Studies 

CPY210 MATa his3-∆200::lacI-GFP-HIS3 

INO1::lacO(256)-TRP1 NUP49-mRFP-

HPH pRS315.ulp1CSDN-GFP 

YEF473A These 

Studies 

CPY211 MATa his3-∆200::lacI-GFP-HIS3 

INO1::lacO(256)-TRP1 NUP49-mRFP-

HPH pRS315.ULP1 

YEF473A These 

Studies 

CPY212 MATa his3-∆200::lacI-GFP-HIS3 

INO1::lacO(256)-TRP1 NUP49-mRFP-

HPH pRS315.ulp1CSDN 

YEF473A These 

Studies 

NY347 MATa his3-∆200::lacI-GFP-HIS3 

INO1::lacO(256)-TRP1 NUP49-mRFP-

HPH nup53∆::KAN nup60∆-URA3 

YEF473A These 

Studies 

NPY2076 MATa his3-∆200::lacI-GFP-HIS3 

INO1::lacO(256)-TRP1 NUP49-mRFP-

HPH nup53∆::KAN nup2∆-URA3 

YEF473A These 

Studies 

NPY2001 MATa his3-∆200::lacI-GFP-HIS3 

INO1::lacO(256)-TRP1 NUP49-mRFP-

hph ULP1::PULP1-NUP53-ulp1340-621-NAT 

nup53∆::KAN  

YEF473A These 

Studies 

NPY2013 MATa his3-∆200::lacI-GFP-HIS3 

INO1::lacO(256)-TRP1 NUP49-mRFP-

HPH nup53∆::KAN nup60∆-URA3 

ULP1::PULP1-NUP53-ulp1340-621-NAT  

YEF473A These 

Studies 

NPY2079 MATa his3-∆200::lacI-GFP-HIS3 

INO1::lacO(256)-TRP1 NUP49-mRFP-

HPH nup53∆::KAN nup2∆-URA3 

ULP1::PULP1-NUP53-ulp1340-621-NAT 

YEF473A These 

Studies 

CPY4183 MATa nup60∆::HPH YEF473A These 

Studies 

CPY4184 MATa nup2∆::HPH YEF473A These 

Studies 

NPY2032 MATa nup53∆::KAN ULP1::PULP1-

NUP53-ulp1340-621-GFP-HIS 

YEF473A These 

Studies 

CPY4185 MATa nup60∆::HPH nup53∆::KAN 

ULP1::PULP1-NUP53-ulp1340-621-GFP-HIS 

YEF473A These 

Studies 

CPY4186 MATa nup2∆::HPH nup53∆::KAN 

ULP1::PULP1-NUP53-ulp1340-621-GFP-HIS 

YEF473A These 

Studies 

NS3144 

 

MATa his3-∆200::lacI-GFP-HIS3 

INO1::lacO(256)-TRP1 NUP49-mRFP-

HPH ulp1∆1-340-NAT pRS316 

YEF473A These 

Studies 
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NS3145 

 

MATa his3-∆200::lacI-GFP-HIS3 

INO1::lacO(256)-TRP1 NUP49-mRFP-

HPH ulp1∆1-340-NAT pRS316.CUPpr-

SIZ2-V53 

 

YEF473A These 

Studies 

NS3146 

 

MATa his3-∆200::lacI-GFP-HIS3 

INO1::lacO(256)-TRP1 NUP49-mRFP-

HPH ulp1∆1-340-NAT pRS316.NOPpr-

SIZ2-V53 

 

YEF473A These 

Studies 

NS3196 

 

MATa his3-∆200::lacI-GFP-HIS3 

INO1::lacO(256)-TRP1 NUP49-mRFP-

HPH siz2∆::KAN pRS316 

 

YEF473A These 

Studies 

NS3197 

 

MATa his3-∆200::lacI-GFP-HIS3 

INO1::lacO(256)-TRP1 NUP49-mRFP-

HPH siz2∆::KAN pRS316.CUPpr-SIZ2-

V53 

 

YEF473A These 

Studies 

NS3198 

 

MATa his3-∆200::lacI-GFP-HIS3 

INO1::lacO(256)-TRP1 NUP49-mRFP-

HPH siz2∆::KAN pRS316.NOPpr-SIZ2-

V53 

 

YEF473A These 

Studies 

BY4741 MATa his3∆1 leu2∆0 ura3∆0 met15∆0 BY4741 Brachmann 

et al.,1998 

NS2001 MATa bar1∆::NAT BY4741 These 

Studies 

NS2099 MATa SIZ2-V53-HIS scs2∆::KAN 

bar1∆::NAT 

BY4741 These 

Studies 

CPY4082 MATa SIZ2-V53-HIS KAN-scs2K180R 

bar1∆::NAT 

BY4741 These 

Studies 

CPY4006 MATa scs2∆::NAT BY4741 These 

Studies 

CPY3888 MATa KAN-scs2K180R BY4741 These 

Studies 

CPY3908 MATa ulp1K352E-KAN bar1∆::NAT BY4741 These 

Studies 

CPY3847 MATa ulp1K352E/Y583H-V53-HIS 

bar1∆::NAT 

BY4741 These 

Studies 

CPY3864 MATa HPH-SCS2pr-HA3-SCS2 

ulp1K352E/Y582H-V53-HIS bar1∆::NAT  

BY4741 These 

Studies 

CPY4163 MATa SCS2-V53-KAN ulp1K352E/Y583H-V53-

HIS bar1∆::NAT 

BY4741 These 

Studies 
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CPY3821 MATa HIS-SCS2pr-HA3-SCS2 

bar1∆::NAT  

BY4741 These 

Studies 

CPY4402 MATa SCS2-V53-HPH bar1∆::NAT BY4741 These 

Studies 

NS2018 MATa siz2∆::KAN bar1∆::NAT BY4741 These 

Studies 

CPY4004 MATa siz2∆::NAT BY4741 These 

Studies 

CPY3784 MATa HIS-SIZ2pr-GFP-SIZ2 SUR4-

mCherry-NAT 

BY4741 These 

Studies 

CPY3909 MATa SIZ2-V53-KAN bar1∆::NAT BY4741 These 

Studies 

CPY4252 MATa siz2S522A-V53-KAN bar1∆::NAT BY4741 These 

Studies 

CPY3867 MATa HIS-SIZ2pr-GFP-siz2 S522A-HPH 

SUR4-mCherry-NAT 

BY4741 These 

Studies 

CPY4325 MATa siz1∆::KAN bar1∆::NAT BY4741 These 

Studies 

CPY3134 MATa siz1∆::KAN BY4741 These 

Studies 

CPY4193 MATa mms211-184-V53-KAN BY4741 These 

Studies 

CPY3801 MATa HIS- SIZ2pr-GFP-SIZ2 NOP56-

mCherry-NAT 

BY4741 These 

Studies 

CPY3851 MATa siz2S527A-V53-KAN bar1∆::NAT BY4741 These 

Studies 

CPY3869 MATa HIS- SIZ2pr-GFP-siz2 S527A-HPH 

SUR4-mCherry-NAT 

BY4741 These 

Studies 

CPY3641 MATa siz2S674A-V53-HIS bar1∆::NAT BY4741 These 

Studies 

CPY3841 MATa HIS-SIZ2pr-GFP-siz2 S674A-HPH 

SUR4-mCherry-NAT 

BY4741 These 

Studies 

CPY4100 MATa NAT-CDC42pr-GFP1-10-SCS2 

pRS315-GFP11-mCherry-Pus1 

BY4741 These 

Studies 

CPY4101 MATa NAT-CDC42pr-GFP1-10-SCS2 

pRS315-GFP11-mCherry-Hxk1 

BY4741 These 

Studies 

NS2911 MATa SCS2-TAP-HIS SIZ2-V53-KAN BY4741 These 

Studies 

NS2917 MATa SCS2-TAP-HIS siz2S522A-V53-KAN BY4741 These 

Studies 

NS4024 MATa KAN-scs2K84D/L86D-TAP-HIS SIZ2-

V53-HPH bar1∆::NAT 

BY4741 These 

Studies 

CPY3952 MATa HIS-SIZ2pr-GFP-SIZ2 SUR4-

mCherry-NAT scs2∆::KAN 

BY4741 These 

Studies 

CPY4061 MATa SIZ2-V53-HIS KAN-scs2K84D/L86D 

bar1∆::NAT 

BY4741 These 

Studies 
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CPY4036 MATa HIS-SIZ2pr-GFP-SIZ2 SUR4-

mCherry-NAT KAN-scs2K84D/L86D 

BY4741 These 

Studies 

CPY4066 MATa siz2A569D-V53-KAN bar1∆::NAT BY4741 These 

Studies 

CPY4089 MATa HIS-SIZ2pr-GFP- siz2A569D-HPH 

SUR4-mCherry-NAT 

BY4741 These 

Studies 

CPY4028 MATa HIS-SIZ2pr-GFP-SIZ2 scs21-225-

mCherry-NAT 

BY4741 These 

Studies 

CPY4225 MATa NAT-CDC42pr-GFP1-10-

scs2K84D/L86D pRS315-GFP11-mCherry-

Pus1 

BY4741 These 

Studies 

CPY3911 MATa SIZ2-V53-KAN ulp1K352E/Y583H-V53-

HPH bar1∆::NAT 

BY4741 These 

Studies 

CPY4030 MATa KAN-scs2K84D/L86D ulp1K352E/Y583H-

V53-HIS bar1∆::NAT 

BY4741 These 

Studies 

CPY4072 MATa siz2A569D-V53-KAN ulp1K352E/Y583H-

V53-HIS bar1∆::NAT 

BY4741 These 

Studies 

CPY3894 MATa HIS-SIZ2pr-GFP-SIZ2-HPH SUR4-

mCherry-NAT KAN-scs2K180R  

BY4741 These 

Studies 

CPY3915 MATa siz2I472/473A-V53-KAN bar1∆::NAT BY4741 These 

Studies 

CPY3835 MATa HIS-SIZ2pr-GFP-siz2I472/473A-HPH 

SUR4-mCherry-NAT 

BY4741 These 

Studies 

CPY4092 MATa siz2V720/721A-V53-KAN bar1∆::NAT BY4741 These 

Studies 

CPY3837 MATa HIS-SIZ2pr-GFP-siz2V720/721A-HPH 

SUR4-mCherry-NAT 

BY4741 These 

Studies 

CPY3917 MATa siz2I472/473A-V53-KAN 

ulp1K352E/Y583H-V53-HPH bar1∆::NAT 

BY4741 These 

Studies 

CPY3835 MATa HIS-SIZ2pr-GFP-siz2I472/473A-HPH 

SUR4-mCherry-NAT ulp1K352E/Y583H-V53-

KAN 

BY4741 These 

Studies 

NS4019 MATa SCS2-TAP-HIS siz2 I472/473A-V53-

KAN 

BY4741 These 

Studies 

NS4025 MATa KAN-scs2K180R-TAP-HIS SIZ2-V53-

HPH bar1∆::NAT 

BY4741 These 

Studies 

CPY4221 MATa NAT-CDC42pr-GFP1-10-scs2K180R 

pRS315-GFP11-mCherry-Pus1 

BY4741 These 

Studies 

DVY1534 MATa TelXIV-L::256xlacOR-TRP1 

HIS3::GFP-lacI-HIS3 SEC63-GFP-NAT 

W303 Van de 

Vosse et 

al.,2013 

DL220 

 

MATa TelXIV-L::256xlacOR-TRP1 

HIS3::GFP-lacI-HIS3 SEC63-GFP-NAT 

siz2Δ::KAN 

W303 Lapetina et 

al.,2017 
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NS2074 

 

MATa TelXIV-L::256xlacOR-TRP1 

HIS3::GFP-lacI-HIS3 SEC63-GFP-NAT 

scs2Δ::KAN  

W303 These 

studies 

CPY3981 MATa TelXIV-L::256xlacO-TRP1 

HIS3::GFP-lacI-HIS3 SEC63-GFP-NAT 

siz2S522A-V53-KAN 

W303 These 

Studies 

CPY4070 MATa TelXIV-L::256xlacO-TRP1 

HIS3::GFP-lacI-HIS3 SEC63-GFP-NAT 

siz2A569D-V53-KAN 

W303 These 

Studies 

CPY3776 MATa TelXIV-L::256xlacO-TRP1 

HIS3::GFP-lacI-HIS3 SEC63-GFP-NAT 

siz2I472/473A-V53-KAN 

W303 These 

Studies 

CPY3992 MATa TelXIV-L::256xlacO-TRP1 

HIS3::GFP-lacI-HIS3 SEC63-GFP-NAT 

KAN-scs2K84D/L86D 

W303 These 

Studies 

NS2418 MATa TelXIV-L::256xlacO-TRP1 

HIS3::GFP-lacI-HIS3 SEC63-GFP-NAT 

KAN-scs2K180R 

W303 These 

Studies 

CPY4049 MATa SIR4-V53-KAN BY4741 These 

Studies 

NS2433 

 

MATa SIR4-V53-KAN siz2Δ::HPH BY4741 These 

Studies 

DVY2190 

 

MATa YKU70-MYC13-KAN bar1Δ::NAT 

 

BY4741 Van de 

Vosse et 

al.,2013 

NS2665 

 

MATa YKU70-MYC13-KAN bar1Δ::NAT 

siz2Δ::HPH 

 

BY4741 These 

Studies 

CPY4240 

 

MATa YKU80-V53-KAN  BY4741 These 

Studies 

CPY4249 

 

MATa YKU80-V53-KAN siz2Δ::NAT BY4741 These 

Studies 

NS2500 MATa SIR4-V53-KAN siz2S522A-NAT BY4741 These 

Studies 

NS2506 MATa SIR4-V53-KAN NAT-scs2K84D/L86D BY4741 These 

Studies 

NS2504 MATa SIR4-V53-KAN NAT-scs2K180R BY4741 These 

Studies 

NS3522 MATa TelXIV-L::256xlacO-TRP1 

HIS3::GFP-lacI-HIS3 SEC63-GFP-NAT 

ulp1K352E/Y583H-V53-HPH 

W303 These 

Studies 

NS3524 MATa TelXIV-L::256xlacO-TRP1 

HIS3::GFP-lacI-HIS3 SEC63-GFP-NAT 

ulp1K352E/Y583H-V53-HPH siz2S522A-V53-

KAN 

W303 These 

Studies 
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NS3206 MATa TelXIV-L::256xlacO-TRP1 

HIS3::GFP-lacI-HIS3 SEC63-GFP-NAT 

yku80Δ::KAN 

W303 These 

Studies 

DVY1539.1 MATa TelXIV-L::256xlacO-TRP1 

HIS3::GFP-lacI-HIS3 SEC63-GFP-NAT 

yku70Δ::KAN  

W303 Van de 

Vosse et 

al.,2013 

DVY1539 W303 MATa TelXIV-L::256xlacO-TRP1 

HIS3::GFP-lacI-HIS3 SEC63-GFP-NAT 

sir4Δ::KAN 

W303 Van de 

Vosse et 

al.,2013 

NS2078 MATa SIR4-eGFP-HIS SUR4-mCherry-

NAT 

BY4741 These 

Studies 

NS2144 MATa SIR4-eGFP-HIS SUR4-mCherry-

NAT siz2∆::KAN 

BY4741 These 

Studies 

DVY2055 MATa TelVI-R::256xlacO-TRP1 

HIS3::GFP-lacI-HIS3 SEC63-GFP-NAT 

W303 Van de 

Vosse et 

al.,2013 

CPY3988 MATa TelVI-R::256xlacO-TRP1 

HIS3::GFP-lacI-HIS3 SEC63-GFP-NAT 

siz2S522A-V53-KAN 

W303 These 

Studies 

NS2111 MATa SIR4-PrA-HIS BY4741 These 

Studies 

NS3447 MATa SIR4-PrA-HIS ulp1K352E/Y583H-V53-

KAN 

BY4741 These 

Studies 

NS3513 MATa SIR4-PrA-HIS siz2S522A-NAT BY4741 These 

Studies 

NS3511 MATa SIR4-PrA-HIS ulp1K352E/Y583H-V53-

KAN siz2S522A-NAT 

BY4741 These 

Studies 

NS2515 

 

MATa SIR3-V53-KAN  

 

BY4741 These 

Studies 

NS2516 

 

MATa SIR3-V53-KAN siz2Δ::NAT 

 

BY4741 These 

Studies 

NS2519 

 

MATa SIR3-V53-KAN scs2Δ::NAT 

 

BY4741 These 

Studies 

NS2523 

 

MATa SIR3-V53-KAN siz2S522A-NAT 

 

BY4741 These 

Studies 

NS2527 

 

MATa SIR3-V53-KAN NAT-scs2K180R BY4741 These 

Studies 

NS2529 

 

MATa SIR3-V53-KAN NAT-scs2K84D/L86D  BY4741 These 

Studies 

NS2533 

 

MATa SIR3-V53-KAN sir4K1037R-eGFP-

HIS 

 

BY4741 These 

Studies 

CPY4050 MATa SIR4-V53-KAN SMT3pr-HIS8-

SMT3-HPH 

BY4741 These 

Studies 

CPY4053 MATa SIR4-V53-KAN SMT3pr-HIS8-

SMT3-HPH siz2S522A-NAT 

BY4741 These 

Studies 
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CPY4056 MATa SIR4-V53-KAN SMT3pr-HIS8-

SMT3-HPH NAT-scs2K180R 

BY4741 These 

Studies 

CPY4057 MATa SIR4-V53-KAN SMT3pr-HIS8-

SMT3-HPH NAT-scs2K84D/L86D 

BY4741 These 

Studies 

NS3501 MATa SIR4-V53-KAN SMT3pr-HIS8-

SMT3-HPH ulp1K352E/Y583H-V53-HIS 

BY4741 These 

Studies 

NS3503 MATa SIR4-V53-KAN SMT3pr-HIS8-

SMT3-HPH ulp1K352E/Y583H-V53-HIS 

siz2S522A-NAT   

BY4741 These 

Studies 

CPY4051 MATa sir4K1037R-V53-KAN SMT3pr-HIS8-

SMT3-HPH 

BY4741 These 

Studies 

CPY4008 MATa TelXIV-L::256xlacO-TRP1 

HIS3::GFP-lacI-HIS3 SEC63-GFP-NAT 

sir4K1037R-V53-KAN 

W303 These 

Studies 

CPY4014 MATa sir4K1037R-V53-KAN BY4741 These 

Studies 

NS2705 MATa SIR4-V53-KAN bar1∆::NAT BY4741 These 

Studies 

NS2705 MATa SIR4-V53-KAN siz2S522A-NAT 

bar1∆::NAT 

BY4741 These 

Studies 

CPY4244 MATa TelVI-R::256xlacO-TRP1 

HIS3::GFP-lacI-HIS3 SEC63-GFP-NAT 

sir4K1037R-V53-KAN 

W303 These 

Studies 

NS2633 MATa sir4K1037R-eGFP-HIS SUR4-

mCherry-NAT 

BY4741 These 

Studies 

NS2709 MATa sir4K1037R-V53-KAN bar1∆::NAT BY4741 These 

Studies 

NS2433 MATa SIR4-V53-KAN siz2∆::HPH BY4741 These 

Studies 

NS2496 MATa SIR4-V53-KAN scs2∆::NAT BY4741 These 

Studies 

NS2693 MATa his3-∆200::lacI-GFP-HIS3 

INO1::lacO(256)-TRP1 NUP49-mRFP-

HPH siz2S522A-V53-KAN 

YEF473A These 

Studies 

NS2614 MATa his3-∆200::lacI-GFP-HIS3 

INO1::lacO(256)-TRP1 NUP49-mRFP-

HPH KAN-scs2K180R 

YEF473A These 

Studies 

NS2692 MATa his3-∆200::lacI-GFP-HIS3 

INO1::lacO(256)-TRP1 NUP49-mRFP-

HPH sir4K1037R-V53-KAN 

YEF473A These 

Studies 

DL175 MATa his3Δ200 leu2Δ1 ura3-52 lys2-801 

trp1Δ63 ade2-101 ppr1::HIS3 

adh4::URA3-TEL-VIIL ADE2-TEL-VR 

UCC3505 Van de 

Vosse et 

al.,2013 

DL180 

 

MATa his3Δ200 leu2Δ1 ura3-52 lys2-801 

trp1Δ63 ade2-101 ppr1::HIS3 

UCC3505 Van de 

Vosse et 

al.,2013 
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adh4::URA3-TEL-VIIL ADE2-TEL-VR 

sir3Δ::KAN 

DL197 

 

MATa his3Δ200 leu2Δ1 ura3-52 lys2-801 

trp1Δ63 ade2-101 ppr1::HIS3 

adh4::URA3-TEL-VIIL ADE2-TEL-VR 

siz2Δ::KAN 

UCC3505 These 

Studies 

NS3420 

 

MATa his3Δ200 leu2Δ1 ura3-52 lys2-801 

trp1Δ63 ade2-101 ppr1::HIS3 

adh4::URA3-TEL-VIIL ADE2-TEL-VR 

scs2Δ::KAN 

UCC3505 These 

Studies 

NS3421 

 

MATa his3Δ200 leu2Δ1 ura3-52 lys2-801 

trp1Δ63 ade2-101 ppr1::HIS3 

adh4::URA3-TEL-VIIL ADE2-TEL-VR 

siz2S522A-V53-KAN 

UCC3505 These 

Studies 

NS3422 

 

MATa his3Δ200 leu2Δ1 ura3-52 lys2-801 

trp1Δ63 ade2-101 ppr1::HIS3 

adh4::URA3-TEL-VIIL ADE2-TEL-VR 

KAN-scs2K180R 

UCC3505 These 

Studies 

NS3423 

 

MATa his3Δ200 leu2Δ1 ura3-52 lys2-801 

trp1Δ63 ade2-101 ppr1::HIS3 

adh4::URA3-TEL-VIIL ADE2-TEL-VR 

ulp1K352E/Y583H-V53-HPH 

UCC3505 These 

Studies 

NS4044 

 

MATa PUS1-GFP-HIS bar1Δ::NAT 

 

BY4741 These 

Studies 

NS4046 

 

 

MATa PUS1-GFP-HIS bar1Δ::NAT 

siz2S522A-V53-KAN  

BY4741 These 

Studies 

CPY4317 

 

MATa KAN-MET3pr-HA3-CDC20 SUR4-

mCherry-NAT HIS-GFP-SIZ2pr-SIZ2 

 

BY4741 These 

Studies 

NS3811 

 

MATa KAN-MET3pr-HA3-CDC20, SUR4-

mCherry-NAT HIS-GFP-SIZ2pr-SIZ2S522A-

HPH 

 

BY4741 These 

Studies 

NS3786 

 

MATa HPH-MET3pr-HA3-CDC20 SUR4-

mCherry-NAT  

BY4741 These 

Studies 

NS3805 

 

MATa HPH-MET3pr-HA3-CDC20, SUR4-

mCherry-NAT siz2S522A-V53-KAN 

BY4741 These 

Studies 

NS4067 

 

MATa PUS1-GFP-HIS HPH-MET3pr-

HA3-CDC20 

 

BY4741 These 

Studies 

NS4065 

 

MATa PUS1-GFP-HIS HPH-MET3pr-

HA3-CDC20siz2S522A-V53-KAN  

BY4741 These 

Studies 

CPY4113 

 

MATa SIZ2-GFP1-10-URA pRS315-

NOPpr-GFP11-mCherry-SCSTM 

 

BY4741 These 

Studies 
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CPY4114 

 

MATa SIZ2-GFP1-10-URA pRS315-

NOPpr-mCherry-SCSTM-GFP11 

 

BY4741 These 

Studies 

NS4079 

 

MATa SIZ2-GFP1-10-URA PUS1-GFP-HIS 

pRS315-NOPpr-GFP11-mCherry-SCSTM 

 

BY4741 These 

Studies 

NS4080 

 

MATa SIZ2-GFP1-10-URA PUS1-GFP-HIS 

pRS315-NOPpr-mCherry-SCSTM-GFP11 

 

BY4741 These 

Studies 

NS4077 

 

MATa SIZ2-GFP1-10-URA bar1Δ::NAT 

 

BY4741 These 

Studies 

NS4229 

 

MATa SIZ2-GFP1-10-URA PUS1-GFP-HIS 

KAN-scs2K180R pRS315-NOPpr-GFP11-

mCherry-SCSTM  

BY4741 These 

Studies 

NS4230 

 

MATa SIZ2-GFP1-10-URA PUS1-GFP-HIS 

KAN-scs2K180R pRS315-NOPpr-mCherry-

SCSTM-GFP11 

 

BY4741 These 

Studies 

NS2181 

 

MATa SUR4-mCherry-NAT 

 

BY4741 These 

Studies 

NS2485 

 

MATa SUR4-mCherry-NAT 

ulp1K352E/Y583H-V53-HIS  

BY4741 These 

Studies 

NS4048 

 

MATa PUS1-GFP-HIS bar1Δ::NAT 

ulp1K352E/Y583H-V53-HPH  

BY4741 These 

Studies 

NS4056 

 

MATa PUS1-GFP-HIS siz2S522A-V53-KAN 

ulp1K352E/Y583H-V53-HPH bar1Δ::NAT 

 

BY4741 These 

Studies 

CPY3959 

 

MATa HIS-GFP-SIZ2  ulp1K352E-KAN 

SUR4-mCherry-NAT 

 

BY4741 These 

Studies 

CPY3962 

 

MATa HIS-GFP-siz2S522A-HPH ulp1K352E-

KAN SUR4-mCherry-NAT 

 

BY4741 These 

Studies 

NS4084 

 

MATa PUS1-GFP-HIS HPH-MET3pr-

HA3-CDC20 pRS316-CYC1pr-NUP601-24-

OPI1Q2-mCherry 

 

BY4741 These 

Studies 

NS4085 

 

MATa PUS1-GFP-HIS HPH-MET3pr-

HA3-CDC20 siz2S522A-V53-KAN pRS316-

CYC1pr-NUP601-24-OPI1Q2-mCherry 

 

BY4741 These 

Studies 

NS4231 

 

MATa PUS1-GFP-HIS bar1Δ::NAT 

ulp1K352E/Y583H-V53-HPH pRS316-CYC1pr-

NUP601-24-OPI1Q2-mCherry 

 

BY4741 These 

Studies 
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NS4232 

 

MATa PUS1-GFP-HIS bar1Δ::NAT 

ulp1K352E/Y583H-V53-HPH siz2S522A-V53-

KAN pRS316-CYC1pr-NUP601-24-OPI1Q2-

mCherry 

 

BY4741 These 

Studies 

NS4105 

 

MATa SIZ2-GFP1-10-KAN PUS1-GFP-HIS 

bar1Δ::HPH pRS316-CYC1pr-NUP601-24-

OPI1Q2-mCherry pRS315-NOPpr-GFP11-

SCSTM 

 

BY4741 These 

Studies 

NS4108 

 

MATa SIZ2-GFP1-10-KAN PUS1-GFP-HIS 

bar1Δ::HPH pRS316-CYC1pr-NUP601-24-

OPI1Q2-mCherry pRS315-NOPpr-SCSTM-

GFP11 

 

BY4741 These 

Studies 

NS4237 

 

MATa HPH-MET3pr-HA3-CDC20 PUS1-

GFP-HIS YCplac111-PAH1-PtA pRS316-

CYC1pr-NUP601-24-OPI1Q2-mCherry 

BY4741 These 

Studies 

NS4238 

 

MATa HPH-MET3pr-HA3-CDC20 PUS1-

GFP-HIS YCplac111-

pah1S110/S114/S168/S602/T723/S744/S7484-PtA 

pRS316-CYC1pr-NUP601-24-OPI1Q2-

mCherry 

 

BY4741 These 

Studies 

NS4127 

 

MATa HPH-MET3pr-HA3-CDC20 PUS1-

GFP-HIS YCplac111-PAH1-PtA 

 

BY4741 These 

Studies 

NS4128 

 

MATa HPH-MET3pr-HA3-CDC20PUS1-

GFP-HIS YCplac111-

pah1S110/S114/S168/S602/T723/S744/S7484-PtA 

 

BY4741 These 

Studies 

NS4119 

 

MATa PUS1-GFP-HIS bar1Δ::NAT 

YCplac111-PAH1-PtA 

 

BY4741 These 

Studies 

NS4121 

 

MATa PUS1-GFP-HIS bar1Δ::NAT 

ulp1K352E/Y583H-V53-HPH YCplac111-

PAH1-PtA 

 

BY4741 These 

Studies 

NS4123 

 

MATa PUS1-GFP-HIS bar1Δ::NAT 

YCplac111-

pah1S110/S114/S168/S602/T723/S744/S7484-PtA 

 

BY4741 These 

Studies 

NS4124 

 

MATa PUS1-GFP-HIS bar1Δ::NAT 

ulp1K352E/Y583H-V53-HPH YCplac111-

pah1S110/S114/S168/S602/T723/S744/S7484-PtA 

 

BY4741 These 

Studies 
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NS4111 

 

MATa PUS1-GFP-HIS bar1Δ::NAT 

YCplac111-PAH1-PtApRS316-CYC1pr-

NUP601-24-OPI1Q2-mCherry 

 

BY4741 These 

Studies 

NS4112 

 

MATa PUS1-GFP-HIS bar1Δ::NAT 

YCplac111-

pah1S110/S114/S168/S602/T723/S744/S7484-PtA 

pRS316-CYC1pr-NUP601-24-OPI1Q2-

mCherry 

 

BY4741 These 

Studies 

NS4113 

 

MATa PUS1-GFP-HIS bar1Δ::NAT 

ulp1K352E/Y583H-V53-HPH YCplac111-

PAH1-PtA pRS316-CYC1pr-NUP601-24-

OPI1Q2-mCherry 

BY4741 These 

Studies 

NS4114 

 

MATa PUS1-GFP-HIS bar1Δ::NAT 

ulp1K352E/Y583H-V53-HPH YCplac111-

pah1S110/S114/S168/S602/T723/S744/S7484-PtA 

pRS316-CYC1pr-NUP601-24-OPI1Q2-

mCherry 

 

BY4741 These 

Studies 

NS2784 

 

MATa PAH1-GFP1-10-URA pRS315-

NOPpr-GFP11-mCherry-SCSTM 

 

BY4741 These 

Studies 

NS2786 

 

MATa PAH1-GFP1-10-URA pRS315-

NOPpr-mCherry-SCSTM-GFP11 

 

BY4741 These 

Studies 

NS2788 

 

MATa PAH1-GFP1-10-URA pRS315-

NOPpr-GFP11-mCherry-SCSTM 

ulp1K352E/Y583H-V53-HIS  

BY4741 These 

Studies 

NS2790 

 

MATa PAH1-GFP1-10-URA pRS315-

NOPpr-mCherry-SCSTM-GFP11 

ulp1K352E/Y583H-V53-HIS  

BY4741 These 

Studies 

NS4115 

 

MATa PUS1-GFP-HIS PAH1-GFP1-10-

URA pRS315-NOPpr-GFP11-mCherry-

SCSTM 

 

BY4741 These 

Studies 

NS4116 

 

MATa PUS1-GFP-HIS PAH1-GFP1-10-

URA pRS315-NOPpr-mCherry-SCSTM-

GFP11 

 

BY4741 These 

Studies 

NS4117 

 

MATa PUS1-GFP-HIS PAH1-GFP1-10-

URA ulp1K352E/Y583H-V53-HPH pRS315-

NOPpr-GFP11-mCherry-SCSTM  

BY4741 These 

Studies 

NS4118 

 

MATa PUS1-GFP-HIS PAH1-GFP1-10-

URA ulp1K352E/Y583H-V53-HPH pRS315-

NOPpr-mCherry-SCSTM-GFP11 

BY4741 These 

Studies 



68 
 

 

NS3826 

 

MATa HPH-MET3pr-HA3-CDC20 PAH1-

GFP1-10-URA pRS315-NOPpr-mCherry-

SCSTM-GFP11 

 

BY4741 These 

Studies 

NS3827 

 

MATa HPH-MET3pr-HA3-CDC20 PAH1-

GFP1-10-URA pRS315-NOPpr-GFP11-

mCherry-SCSTM 

 

BY4741 These 

Studies 

NS4125 

 

MATa HPH-MET3pr-HA3-CDC20 PUS1-

GFP-HIS PAH1-GFP1-10-URA pRS315-

NOPpr-GFP11-mCherry-SCSTM 

 

BY4741 These 

Studies 

NS4126 

 

MATa HPH-MET3pr-HA3-CDC20PUS1-

GFP-HIS PAH1-GFP1-10-URA pRS315-

NOPpr-mCherry-SCSTM-GFP11 

 

BY4741 These 

Studies 

NS4106 

 

MATa PAH1-GFP1-10-KAN PUS1-GFP-

HIS pRS316-CYC1pr-NUP601-24-OPI1Q2-

mCherry pRS315-NOPpr-GFP11-SCSTM 

 

BY4741 These 

Studies 

NS4107 

 

MATa PAH1-GFP1-10-KAN PUS1-GFP-

HIS ulp1K352E/Y583H-V53-HPH pRS316-

CYC1pr-NUP601-24-OPI1Q2-mCherry 

pRS315-NOPpr-GFP11-SCSTM 

 

BY4741 These 

Studies 

NS4225 

 

MATa HPH-MET3pr-HA3-CDC20 PUS1-

GFP-HIS PAH1-GFP1-10-URA pRS316-

CYC1pr-NUP601-24-OPI1Q2-mCherry 

pRS315-NOPpr-GFP11-SCSTM 

 

BY4741 These 

Studies 

NS4109 

 

MATa PAH1-GFP1-10-KAN PUS1-GFP-

HIS pRS316-CYC1pr-NUP601-24-OPI1Q2-

mCherry pRS315-NOPpr-SCSTM-GFP11 

BY4741 These 

Studies 

NS4110 

 

MATa PAH1-GFP1-10-KAN PUS1-GFP-

HIS ulp1K352E/Y583H-V53-HPH pRS316-

CYC1pr-NUP601-24-OPI1Q2-mCherry 

pRS315-NOPpr-SCSTM-GFP11 

 

BY4741 These 

Studies 

NS4226 

 

MATa HPH-MET3pr-HA3-CDC20PUS1-

GFP-HIS PAH1-GFP1-10-URA pRS316-

CYC1pr-NUP601-24-OPI1Q2-mCherry 

pRS315-NOPpr-SCSTM-GFP11 

 

BY4741 These 

Studies 

NS3701 

 

MATa SPO7-TAP-HIS NEM1-V53-KAN 

bar1Δ::NAT 

BY4741 These 

Studies 
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NS4205 

 

MATa SPO7-TAP-HIS NEM1-V53-KAN 

ulp1K352E/Y583H-GFP-HPH  

BY4741 These 

Studies 

NS4204 

 

MATa SPO7-TAP-HIS NEM1-V53-KAN 

siz2S522A-NAT ulp1K352E/Y583H-GFP-HPH 

 

BY4741 These 

Studies 

NS2836 

 

MATa PAH1-MYC13-KAN bar1Δ::NAT 

SPO7-TAP-HIS 

BY4741 These 

Studies 

NS4203 

 

MATa SPO7-TAP-HIS PAH1-MYC13-KAN 

ulp1K352E/Y583H-GFP-HPH  

BY4741 These 

Studies 

NS4202 

 

MATa SPO7-TAP-HIS PAH1-MYC13-KAN 

siz2S522A-NAT ulp1K352E/Y583H-GFP-HPH 

 

BY4741 These 

Studies 

NS4197 

 

MATa SPO7-TAP-HIS NEM1-V53-KAN 

bar1Δ::URA HPH-MET3pr-HA3-CDC20 

 

BY4741 These 

Studies 

NS4198 

 

MATa SPO7-TAP-HIS NEM1-V53-KAN 

bar1Δ::URA HPH-MET3pr-HA3-CDC20 

siz2S522A-NAT 

 

BY4741 These 

Studies 

NS4199 

 

MATa bar1Δ::URA HPH-MET3pr-HA3-

CDC20 SPO7-TAP-HIS PAH1-V53-KAN 

 

BY4741 These 

Studies 

NS4200 

 

MATa bar1Δ::URA HPH-MET3pr-HA3-

CDC20 SPO7-TAP-HIS PAH1-V53-KAN 

siz2S522A-NAT 

 

BY4741 These 

Studies 

NS4165 

 

MATa SPO7-TAP-HIS bar1Δ::HPH 

PAH1-MYC13-KAN siz2S522A-NAT 

 

BY4741 These 

Studies 

NS4167 

 

MATa SPO7-TAP-HIS bar1Δ::HPH 

NEM1-V53-KAN siz2S522A-NAT 

 

BY4741 These 

Studies 

NS2569 

 

MATa spo7Δ::KAN 

 

BY4741 These 

Studies 

NS2574 

 

MATa nem1Δ::KAN 

 

BY4741 These 

Studies 

NS3782 

 

MATa PAH1-GFP1-10-URA nem1Δ::KAN 

pRS315-NOPpr-GFP11-mCherry-SCSTM 

 

BY4741 These 

Studies 

NS3783 

 

MATa PAH1-GFP1-10-URA spo7Δ::KAN 

pRS315-NOPpr-mCherry-SCSTM-GFP11 

 

BY4741 These 

Studies 

NS3784 

 

MATa PAH1-GFP1-10-URA spo7Δ::KAN 

pRS315-NOPpr-GFP11-mCherry-SCSTM 

 

BY4741 These 

Studies 
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NS3785 MATa PAH1-GFP1-10-URA nem1Δ::KAN 

pRS315-NOPpr-mCherry-SCSTM-GFP11 

BY4741 These 

Studies 

NS3207 

 

MATa TelXIV-L::256xlacO-TRP1 

HIS3::GFP-lacI-HIS3 SEC63-GFP-NAT 

nem1Δ-KAN 

 

W303 These 

Studies 

NS3208 

 

MATa TelXIV-L::256xlacO-TRP1 

HIS3::GFP-lacI-HIS3 SEC63-GFP-NAT 

spo7Δ-KAN 

 

W303 These 

Studies 

NS3114 

 

MATa NEM1-TAP-His, ulp1K352E/Y583H-

V53-HPH, bar1Δ::NAT 

 

BY4741 These 

Studies 

NS3116 

 

MATa NEM1-TAP-His bar1Δ::NAT 

 

BY4741 These 

Studies 

*strains in BY4741 background with multiple gene modifications were derived 

from dissctions and therefore not genotypes for met15∆0 or lys2∆0. 

 

2.2 Plasmids 

All plasmids used in this thesis are listed in Table 2-2, with sources which 

provided plasmids indicated. Plasmids generated for these works, were made by the 

restriction digestion of PCR products and ligation into the indicated plasmid 

backbone.  

pRS315-SMT3pr-His8-SMT3-HPH was constructed by cloning three PCR 

products into pRS315 (Sikorski and Hieter 1989), including: 1) 350 bp of the SMT3 

5’ UTR bounded by SacI/NotI restriction enzyme sites; 2) the coding region for 

His8-Smt3 plus 324 bp of the SMT3 3’ UTR bounded by NotI/SalI restriction 

enzyme sites; 3) the HPH-MX sequence bounded by SalI/ApaI restriction sites 

(New England Biolabs).  

pFA6a-kanMX6-SCS2pr-3HA was generated by replacing the GAL1 

promoter, bounded by BglII/PacI restriction enzyme sites in pFA6a-kanMX6-
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PGAL1-3HA (Longtine et al.,  1998), with a PCR cassette bounded by BglII/PacI 

restriction enzyme sites and containing 372 bp of the SCS2 5’UTR. 

pRS315-NOP1pr-GFP11-SCS2TM was generated by replacing the NOP1pr-

GFP11-mcherry-SCS2TM insert bounded by EagI/NheI restriction enzymes sites in 

the pRS315-NOP1pr-GFP11-mCherry-SCS2TM (Smoyer et al.,  2016) with a PCR 

cassette bounded by EagI/NheI restriction sites and containing the NOP1pr-GFP11-

SCS2TM insert.  

pRS315-NOP1pr-mCherry-SCS2TM-GFP11 was generated by replacing the 

NOP1pr-mCherry insert bounded by EagI/NheI restriction enzyme sites in the 

pRS315-NOP1pr-mCherry-SCS2TM-GFP11 (Smoyer et al.,  2016) with a PCR 

cassette bounded by EagI/NheI restriction sites and containing the NOP1pr insert.  

Table 2-2. Plasmids. 

Plasmids Utilization Reference 

pRS315 -empty plasmid control 

-backbone for integration of 

SMT3pr-His8-SMT3-HPH 

insert 

Sikorski 

and Hieter, 

1989 

pRS315-Ulp1-GFP -used to visualize the 

localization of exogenously 

expressed Ulp1 relative to 

endogenous Ulp1; control for 

pRS315-ulp1CSDN-GFP 

Elmore et 

al.,2011 

pRS315-ulp1CSDN-GFP -used to visualize the 

localization of catalytically 

dead ulp1  

Elmore et 

al.,2011 

pRS315-Ulp1 -control for pRS315-ulp1CSDN Gift from 

Dr. Chris 

Ptak 

University 

of Albeta 

pRS315-ulp1CSDN - catalytically dead ulp1 used 

in INO1 localization assays 

Gift from 

Dr. Christ 

Ptak 
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University 

of Albeta 

pRS315-CUPpr-Siz2-V53 -used to exogenously express 

Siz2 at levels similar to 

endogenous Siz2 levels.  

Gift from 

Dr. Christ 

Ptak 

University 

of Albeta 

pRS315-NOPpr-Siz2-V53 -used to exogenously express 

Siz2 at higher levels than 

endogenous Siz2 levels. 

Gift from 

Dr. Christ 

Ptak 

University 

of Albeta 

pTM1198 -used for integrating the coding 

sequence for the V53 tag at the 

3’ end of relevant genes 

Lapetina et 

al.,2017 

pFA6a-kanMX6-PGAL1-3HA -backbone for integration of 

SCS2pr-3HA insert 

Longtine et 

al.,1998 

pFA6a-kanMX6-SCS2pr-3HA - used for genomic integration 

of N-terminally tagged SCS2 

These 

studies 

pGEM-4Z-mCherry-NAT -used to integrate the coding 

sequence for mCherry at the 3’ 

end of relevant genes 

Cairo et 

al.,2013 

pRS315-SMT3pr-His8-SMT3-

HPH 

-used for genomic integration 

of N-terminally tagged SMT3  

These 

studies 

pFA6-NAT-CDC42pr-GFP1-10 -used to integrate the coding 

sequence for GFP1-10 at the 5’ 

end of SCS2 

Smoyer et 

al.,2016 

pRS315-GFP11-mCherry-Hxk1 -used to visualize cytoplasmic 

localization of GFP1-10 

Smoyer et 

al.,2016 

pRS315-GFP11-mCherry-Pus1 -used to visualize nuclear 

localization of GFP1-10 

Smoyer et 

al.,2016 

pFA6-NAT-CDC42pr-GFP1–

10 

-used to integrate the coding 

sequence for GFP1-10 at the 3’ 

end of relevant genes 

Smoyer et 

al.,2016 

pRS315-NOPpr-GFP11-

mCherry-SCSTM 

-used to visualize 

nucleoplasmic/cytosol 

membrane localization of 

GFP1-10 

Smoyer et 

al.,2016 

pRS315-NOPpr-mCherry-

SCSTM-GFP11 

-used to visualize ER/nuclear 

lumenal localization of GFP1-10 

Smoyer et 

al.,2016 

pRS315-NOPpr-GFP11-

SCSTM 

-used to visualize 

nucleoplasmic/cytosol 

membrane localization of 

GFP1-10 in conjunction with 

pRS316-CYC1pr-NUP601-24-

OPI1Q2-mCherry 

These 

studies 
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pRS315-NOPpr-SCSTM-

GFP11 

-used to visualize ER/nuclear 

lumenal localization of GFP1-10 

in conjunction with pRS316-

CYC1pr-NUP601-24-OPI1Q2-

mCherry 

These 

studies 

pRS316-CYC1pr-NUP601-24-

OPI1Q2-mCherry 

-used to visualize INM PA  Romanausk

a and 

Kohler, 

2018 

YCplac111-PAH1-PtA -control for YCplac111-

pah1S110/S114/S168/S602/T723/S744/S748

4-PtA 

Santos-

Rosa et 

al.,2005 

YCplac111-

pah1S110/S114/S168/S602/T723/S744/S748

4-PtA 

-constitutively active Pah1  O’Hara et 

al.,2006 

 

2.3 Antibodies 

Primary antibodies used include rabbit polyclonal anti-Smt3 (Wozniak 

Lab), mouse monoclonal anti-V5 (AbCam ab27671), mouse monoclonal anti-HA 

(Santa Cruz sc-7392), rabbit polyclonal anti-Clb2 (Santa Cruz sc-9071), rabbit 

polyclonal anti-PrA (used to probe Scs2-TAP; Sigma P3775), rabbit polyclonal 

anti-GFP (Wozniak Lab), and rabbit polyclonal anti-Gsp1 (Wozniak Lab). 

Secondary antibodies used: goat anti-rabbit IgG (H+L)-HRP conjugate (BioRad 

170-6515) and goat anti-mouse IgG (H+L)-HRP conjugate (BioRad 170-6516). 

Antibodies were all used at a 1:10 000 dilution for western blot analysis.  

2.4 Affinity purification of TAP fusion proteins 

Affinity purification of TAP-tagged proteins was performed as described in 

(Van De Vosse et al.,  2013). Wherein a starter culture for each strain used for TAP-

tagged affinity purification was grown overnight at RT. In the case of asynchronous 

co-immunoprecipitations cells were diluted in 1L of fresh YPD to an OD600 of 0.1. 
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In the case of cell cycle arrest/release co-immunoprecipitations cells from the 

starter culture were diluted in 2L of fresh YPD (α-arrest release) or 2L of fresh SC 

-Met (Cdc20 degradation) to an OD600 of 0.1. Cultures were then incubated at 30°C 

to an OD600 ~ 1.0. Cells were pelleted, washed once with 25 ml cold ddH2O and the 

pellet was transferred to a syringe. Cells were then flash frozen by pushing the cells 

through the syringe directly into a 50 ml falcon tube containing liquid nitrogen. The 

liquid nitrogen was removed, and the noodles were stored at -80°C. In the case of 

cell cycle arrest/release co-immunoprecipitations an OD equivalent of 1000 was 

pelleted and used to produce noodles. Remaining cells were washed and diluted 

into fresh medium for arrest experiments, as described below. Frozen cells were 

then lysed using 8 rounds of ball mill grinding (Reitch PM100; 1 min 30s, 450 rpm 

per round with intermittent cooling in liquid N2). The resulting powder was stored 

at -80°C. 

1 g of lysed cell powder was resuspended in 2ml of cold IP buffer (2mM 

MgCl2, 20mM HEPES-KOH (pH 7.4), 0.1% Tween-20, 110mM KOAc, antifoam-

B emulsion at 1:5000 dilution, and protease inhibitors (1 complete EDTA-free 

pellets (Roche 05056489001)/50 ml buffer). The suspension was incubated on ice 

for 30 min, with vortexing every 5 min. The resulting lysate was cleared by 

centrifugation at 1 500 g for 10 min at 4°C. 25 µl of the clarified lysate, representing 

the load, was added to 1 ml of ddH20, followed by TCA precipitation. The resulting 

pellet was resuspended in 75 ml of 2X SDS-PAGE sample buffer. 3 mg of IgG-

conjugated magnetic beads (Dynabeads; Invitrogen 143.01, Rabbit IgG; Sigma 

I5006-10MG) in 100 ml of IP buffer were added to the remaining 2 ml of clarified 
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cell lysate, and the mixture was incubated for 1 h at 4°C with rotation. Beads were 

collected using a magnet and washed 10x with 1ml of IP buffer at 4°C. Proteins 

bound to beads were eluted at 4°C using 0.5 ml IP buffer containing incrementally 

increasing concentrations of MgCl2 (0.05, 0.5, and 2 M) followed by a final elution 

using 0.5 ml of 0.5 M acetic acid to release the TAP fusion protein from the beads 

(Bound). To the 500 µl eluate fractions 500 µl of ddH20 was added followed by 

TCA precipitation as described above. All samples collected were analyzed by 

western blotting. In the case of Spo7-TAP affinity purification proteins an equal 

proportion of each eluate fraction was combined and loaded for western blot 

analysis.  

The conjugation of IgG to magnetic beads was performed as previously 

described (Alber et al.,2007; Van de Vosse et al.,2013). 10 mg of rabbit IgG 

(Sigma-Aldrich, St. Louis, MO, USA) was dissolved in 2 mL Na-phosphate buffer 

(0.1 M NaPO4 pH 7.4) for 10 minutes under rotation at RT. The solution was 

clarified by centrifugation at 14,000 rpm for 10 minutes at 4°C. 2 mL Na-phosphate 

buffer, followed by 1.33 mL of 3M ammonium sulfate pH 7.5 was added to the 

cleared IgG. The IgG solution was then used to resuspend 60 mg of Epoxy M-270 

Dynabeads which had been washed and equilibrated with the Na-phosphate buffer. 

Conjugation of IgG to magnetic beads was facilitated by incubation 30°C for 20 

hours under rotation. Following incubation IgG-conjugated beads were washed 

once with 1 mL 100 mM glycine pH 2.5, once with 1 mL 10 mM Tris pH 8.8, once 

with 1 mL 100 mM triethylamine pH 6.0, four times with 1 mL PBS for 5 min per 

wash, once with 1 mL PBS + 0.5% triton X-100 for 5 min, once with 1 mL PBS + 
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0.5% triton X-100 for 15 min, followed by three consecutive washes with 1 mL 

PBS for 5 min for each wash. Washed beads were then resuspended in 2 mL PBS 

+ 0.02% sodium azide and stored at 4°C. 

2.5 Affinity purification of His8 SUMO fusion proteins 

Frozen lysed cell powder was produced as described in 2.4. 1 g of lysed cell 

powder was resuspended in 10 mL of resuspension buffer (8 M Urea, 50 mM 

NaPO4 (pH 8.0), 500 mM NaCl, 1% NP40-Igepal) and the mixture was resuspended 

by vortexing at RT. The lysate was cleared by centrifugation at 15 000 rpm for 20 

min. 25 µl of the clarified lysate, was added to 1 ml ddH20, followed by TCA 

precipitation and resuspension in 100 ml of 2X SDS-PAGE sample buffer (Load 

sample). The remaining lysate was transferred to a 15 ml falcon tube and 1 ml of a 

50% slurry consisting of NiNTA agarose beads (Qiagen 30210) in resuspension 

buffer was added, and incubated at RT with rotation for 2 h. The beads were then 

washed 3X with 5 mL of wash buffer (8 M Urea, 50 mM NaPO4 (pH 6.3), 500 mM 

NaCl, 1% NP40-Igepal). The supernatant was removed by pipetting, following the 

pelleting of the agarose beads by centrifugation (1000 rpm for 1 min).  After the 

last wash, 2 ml of elution buffer (8 M Urea, 50 mM NaPO4, 500 mM NaCl, 1% 

NP40-Igepal adjusted to pH 4.5) was added to the beads and the slurry was 

incubated under rotation at RT for 1 h. The eluant was then collected and subjected 

to TCA precipitation. Following TCA precipitation samples were resuspended in a 

final volume of 100 ml 2X SDS-PAGE sample buffer. Load and eluate samples 

were then analyzed by western blotting. Note that all 8M urea/phosphate buffers 

were made fresh just prior to use. 
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2.5 Western Blotting 

An OD equivalent of 1 for whole cell lysates were pelleted by 

centrifugation, resuspended in 50µl 2X SDS-PAGE sample buffer, heated at 70°C 

for 15 minutes, sonicated (Branson Sonifier 250) and pelleted by centrifugation to 

remove debris prior to being loaded onto SDS-PAGE gels for analysis. In the case 

of Pah1-PrA, whole cell lysates were subjected to 0.1N NaOH extraction for 5 

minutes at RT, before resuspension in 50µl 2X SDS-PAGE sample buffer. 

Protein samples were resolved by SDS-PAGE gels containing 8% 

acrylamide, and were transferred to nitrocellulose membranes. Following transfer 

membranes were blocked with 5% skim milk powder resuspended in PBS-T (PBS 

containing 0.1% Tween-20) for at least 1 h at RT. Fresh blocking buffer 

supplemented with primary antibody was added and the membrane was incubated 

overnight at 4°C. Primary antibodies are listed 2.3. Membranes were then washed 

with PBST for 15 minutes three times, followed by incubation in fresh blocking 

buffer supplemented with a secondary antibody-HRP conjugate (2.3) for at least 1 

h at RT. Membranes were then washed three times with PBST and proteins were 

visualized by chemiluminescence (Amersham RPN2106) using an ImageQuant 

LAS 4000 (GE) imaging system, with exposure times taken in 10 second 

increments. All western blot images were rendered using Image J software 

(National Institute of Health). 

2.6 Phosphatase treatment 

Whole cell lysates in 2x SDS-PAGE sample buffer were methanol-

chloroform extracted. 50µl of chloroform, and 150µl of ddH2O were added 
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sequentially to a 50 µl lysate sample. The mixture was centrifuged for 2 min at 

15000 rpm. The resulting top layer was removed and 300 µl of methanol was added 

to the remaining sample. The mixture was vortexed and centrifuged for 2 min at 

15000 rpm. Residual liquid was removed, and the resulting pellet air dried. The 

dried pellet was resuspended in 50 µl of 0.5% w/v SDS. 10 µl of this sample was 

added to 10 µl of lambda phosphatase buffer (New England Biolabs B0761S), 10 

µl of 10 mM MnCl2, 1 µl lambda phosphatase (New England Biolabs P0753S) and 

69 µl ddH2O. For the -PPase sample 1 µl lambda phosphatase was replaced with 1 

µl of ddH2O. Reactions were incubated at 30°C for 1 h, followed by TCA 

precipitation, and resuspension of the resulting pellet in 25 ml of 2X SDS-PAGE 

sample buffer. Samples were heated at 80°C for ~15 min prior to western blot 

analysis.  

2.7. Alpha-factor arrest release 

All strains used in α-factor arrest release assays were MATa bar1Δ. Starter 

cultures were incubated overnight at RT and diluted to an OD600=0.1 in fresh media 

the following day. Cultures were grown for ~2 ½ hours at 30°C before the addition 

of α-factor (Sigma T6901). α-factor was added at 10ng/ml in YPD medium and 

20ng/ml in SC medium. Cultures were incubated at 30°C for ~ 2 h 15 min to induce 

G1-phase arrest. G1 arrest was monitored microscopically for the accumulation of 

cells with a schmoo phenotype.  Collected arrested cells represent the 0 min time 

point. The remaining cells were pelleted, washed extensively with water, and 

resuspended in fresh media to a final OD600=0.6. Cultures were grown at 30°C and 
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collected at indicated time points for analysis by western blotting, Co-IP, ChIP or 

epifluorescence imaging.  

2.8 Cdc20 shutoff 

All strains used for metaphase arrest were pMET3-HA3-CDC20. Starter 

cultures were incubated overnight at RT in SC -Met. Cultures were diluted to an 

OD600=0.1 in fresh SC -Met media the following day and grown for two generations 

at 30°C before the addition of methionine. Cultures were incubated at 30°C for 2 h 

to induce metaphase-phase arrest. Arrest was monitored microscopically for the 

accumulation of large-budded cells. Cells were collected for analysis by western 

blotting, Co-IP, or epifluorescence imaging.  

2.9 INO1 induction 

Overnight cultures grown in SC +inositol media at RT were diluted to an 

OD600=0.1 in fresh SC +inositol then incubated at 30°C to an OD600 = ~0.8. Cells 

were then pelleted, washed once with water, and then resuspended in synthetic 

media lacking inositol to an OD600 = 0.5 to induce INO1 activation. Cultures were 

incubated at 30°C for the indicated times followed by analysis by epifluorescence 

imaging, RT-qPCR, or ChIP.  

2.10 FACs analysis 

An equivalent to OD600 = 1 of cells were pelleted, resuspended in 1 ml of 

70% ethanol and incubated overnight at 4°C. Cells were washed twice with 1 ml 

50 mM Tris-HCl (pH 8.0). Cells were then resuspended in 0.5 ml of 50 mM Tris-

HCl (pH 8.0) containing RNase A (0.4 mg/ml) and incubated at 37°C for 2 h. 



80 
 

Following incubation cells were washed twice with 1 ml 50 mM Tris-HCl (pH 8.0) 

and the final pellet was resuspended in 200 µl of a 5 mg/ml pepsin solution (5 mg 

pepsin, 5 µl conc. HCl, per ml ddH20), and incubated at 37°C for 1 h. Cells were 

washed with 1 ml of 50 mM Tris-HCl (pH 8.0). Cells were resuspended in 250 µl 

propidium iodide solution (50 mM Tris-HCl (pH 8.0), 50 µg/ml propidium iodide) 

and incubated overnight at 4°C. 50 µl of this cell suspension was added to 2 ml of 

50 mM Tris-HCl (pH 8.0) in a round bottom tube and the sample was briefly 

sonicated at low power to resuspend cells. DNA content was then determined using 

a BD LSRFortessa cell analyzer (Software Version 2.0).  

2.11 RT-qPCR 

RNA preparation from an OD600=10 equivalent of cells was analyzed by RT-

qPCR as previously described in Wan et al.,2009. Cell pellets were immediately frozen 

in liquid nitrogen. Total RNA was isolated from cell pellets using hot acidic phenol. 

Cell pellets were resuspended in 1 ml of RNase free TES buffer (10 mM Tris-HCl, 10 

mM EDTA, pH 7.5, 0.5% SDS) and 1 ml unbuffered acidic phenol. Samples were 

vortexed and incubated in a 65°C water bath for 30 min. Samples were then vortexed 

and incubated in the 65°C water bath for another 30 min. Following incubation, cell 

lysates were centrifuged at 4000 rpm for five minutes. The aqueous layer was then re-

extracted with an equal volume of acidic phenol and briefly vortexed prior to 

centrifugation at 4000rpm for 5 min. Residual phenol was removed from the newly 

isolated aqueous layer by adding an equal volume of a 24:1 chloroform to the iso-amyl 

alcohol solution. Samples were briefly vortexed and centrifuged for 5 min at 4000 rpm. 

From the resulting aqueous phase total RNA was precipitated with 95% EtOH and 3M 
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NaOAc (made with DEPC treated dH20) at -20°C overnight. The following day 

samples were centrifuged at 4000rpm for 10 min at 4°C. The pellet was washed once 

with 70% EtOH and following centrifugation at 4000rpm for 10 min at 4°C the pellet 

was air dried for 3 h. The air-dried pellets were resuspended in 100µl of DEPC water 

and concentration of RNA was measured using spectrophotometry. 

2 µg of total RNA was treated with DNaseI (Invitrogen, Carlsbad, CA, USA) 

and incubated for 15 min at RT. The DNaseI digestion was quenched by the addition 

of 1 μL of 25 mM EDTA and incubation at 65°C for 10 min. cDNA was then amplified 

from DNase treated RNA using random primers and 200 units of Superscript II reverse 

transcriptase (Invitrogen) according to the manufacturer’s directions. The resulting 

cDNAs were diluted 100-fold. Reactions were assembled using PerfeCTa SYBR green 

PCR mix (Quanta Biosciences 95056-500), as per the manufacturer’s protocol 

including oligonucleotides listed in Table 2-3. Primers for RT-qPCR were designed 

within the 5’-end of their coding regions of their target cDNAs to generate PCR 

products ~120 bp in length. Reactions were carried out on an Mx3000P QPCR System 

(Agilent Technologies). The relative fold enrichment of indicated mRNA was 

evaluated by the ΔΔCt method (Livak and Schmittgen 2001). The expression levels of 

each gene was normalized against expression levels of a load control to generate a ΔCt 

value. The expression of each gene was then normalized to the corresponding WT 

sample to generate ΔΔCt values. The relative fold enrichment of mRNA for indicated 

strains relative to WT was given as 2-ΔΔCt, based on the assumption that the PCR 

reaction was 100% efficient. Expression levels of the ACT1 and/or TUB2 genes were 

determined as load controls, as indicated. 
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Table 2-3. Oligonucleotides used in RT-qPCR 

Target cDNA Oligonucleotide sequence 

ACT1 S-GGATTCCGGTGATG GTGTTA 

AS-TCAAATCTCTACCGGCCAAA 

INO1 S-CACCATGGAAAACCTCTTGC 

AS-GGGGACACCTTCCAAGATAGA 

TUB2 S-TACTAGTGAAGGTATGGACGAATTG 

AS-TTCTTCATCATCTTCTACAGTAGCC 

YFR057W S-TCTTTGCGTGGCAATATACCTCATA 

AS-TCTGAGACGAAGTCGTTGCTAAAAT 

YKR105C S-ATGGAGGAAACTAAGTACTCTTCGC 

AS-GGAAAGTCCCATTGGAGAATCATTG 

YPR201W S-CTGCAAAGTTTCCTGGGAGT  

AS-CAAAGGACCGATGACCCAAT  

YGL263W S-GAGGACGAATACTTACATGTTTGAG 

AS-AGATACAGGGGTACTGAAATACCAT 

YEL073C S-GCATGGTCTAATACAGTTCCGTTAG 

AS-AAGGGTTTCATTCATCCAGATTACG 

YKR106W S-CGACCCGTCTCACCATGTAT  

AS-CATTTCAAGGAGGAGAAATCTGAG  

 

2.12 RNA Seq 

Wild type, siz2Δ and siz2S522/527A cells were grown in YPD medium to mid-

log phase. Total RNA was isolated from cell pellets using hot acidic phenol (2.11). 

The quality and quantity of RNA was then measured using spectrophotometry and 

sent for RNA Seq analysis.  
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The transcriptome analysis pipeline as performed by the Aitchison lab 

included- RNA-Seq paired-end reads of ~50 bp were mapped to genomic sequence 

of S. cerevisiae strain using BWA (Burrows-Wheeler Aligner). The mapped reads 

were extracted in proper pairs with a minimum MAPQ (MAPing Quality) score of 

20 by SAMtools and then were aligned to annotated transcripts by BEDtools. 

Paired-end reads were then visualized by ChromoZoom. The transcript abundances 

were calculated based on FPKM (Fragments Per Kilobase of transcript per Million 

mapped reads). All FPKMs of annotated transcripts were normalized by an upper 

bound quantile normalization. The statistical significance for transcript level 

changes was calculated using t-test based on (FPKMmut/FPKMwt) values against an 

empirical null distribution. The empirical null distribution was computed from all 

possible permutations of the samples. pFDR values were calculated using themafdr 

MATLAB function. Transcriptional differences in expression profiles were 

represented as log2 fold changes.  

2.13 Subtelomeric gene-silencing assay 

Yeast strains used for the assessment of subtelomeric gene silencing are 

derivatives of UCC3505, in which the reporter genes URA3 and ADE2 are 

integrated adjacent to Tel7L and Tel5R, respectively (Singer and Gottschling 

1994). Integration of reporter genes was an adjacent 81 bp sequence of telomere 

repeats (TG1-3) that were integrated into ADH4 (Tel7L) and a Y’ element (Tel5R) 

resulting in the truncation of the endogenous chromosomes, and the generation of 

new telomeres to which telomerase adds telomeric repeats to.  
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Cells cultures with indicated gene alterations were generated by 

transformation as described in (2.1). 10-fold serial dilutions of cell cultures were 

spotted onto SC, SC -Ura -Ade and SC + 1mg/ml 5-FOA plates. Plates were then 

incubated for 3 days at 30°C.  

2.14 Chromatin Immunoprecipitation 

Chromatin immunoprecipitation experiments were performed as previously 

described in (Wan et al.,  2009). An OD600 = 50 equivalent of cultures in mid-log 

phase that had been grown at 30°C were pelleted and resuspended in 50ml of fresh 

YPD with 1% formaldehyde. Cultures were incubated for 20 min at 30°C to induce 

crosslinking. Glycine was added to a concentration of 125mM followed by a 5 min 

incubation at RT to quench crosslinking. Cells were pelleted, washed with TBS and 

the resulting pellet was flash frozen using liquid nitrogen and stored at -80°C.  

Cells were resuspended in 500 ml FA lysis buffer (50mM HEPES-KOH pH 

7.5, 150mM NaCl, 1mM EDTA, 1% Triton X-100, 0.1% Na deoxycholate) and 

lysed by glass bead beating at 4°C for half an hour. Glass beads were then removed 

from the lysate. Lysates were then sonicated (Branson Sonifier 250) on ice to shear 

chromosomal DNA to an average size of ~ 400 bp. Sonicated lysates were clarified 

by centrifugation at 14000 rpm for 10 min at 4°C.  50 ml of clarified lysate was 

removed for reverse crosslinking and isolation of DNA which was assessed by 

electrophoresis for appropriate sheared size of DNA. Reverse crosslinking and 

DNA isolation is described below. The remaining lysate was flash frozen with 

liquid nitrogen and stored at -80°C to be used for ChIP analysis. 
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Frozen lysates were then thawed on ice and diluted with FA lysis buffer; 

1.5 ml for 1 IP and 2.5 ml for 2 IPs. 500 ml, representing the Input, was then diluted 

100X into a TE 1% SDS solution, and subsequently reverse crosslinked as 

described below. 1 ml of the remaining lysate was then incubated with 5 ml of 

ssDNA (10mg/ml) and 2 µl of mouse monoclonal anti-V5 antibody (Abcam 

ab27671), 4 µl of rabbit polyclonal anti-PrA (Sigma P3775) antibody or 4 µl of 

rabbit polyclonal anti-Smt3 (SUMO) antibody (Wozniak lab) for 2 hours at 4°C.  

30 µl of Protein G Dynabeads (Invitrogen 10004D) per IP were resuspended in PBS 

+ 1% BSA. 10 µl of heat-denatured ssDNA was added to the resuspended beads 

and incubated under rotation at RT for 30 min. The beads were then washed three 

times with PBS, three times with FA lysis buffer and resuspended in 50 µl of FA 

lysis buffer. Following antibody/lysate incubation washed Protein G Dynabeads 

were added to each lysate and incubated for 1 h at 4°C under rotation. Beads were 

collected by magnet and sequentially washed 2x with FA lysis buffer, 1x with FA 

lysis buffer including 500mM NaCl, 1x with wash buffer (10mM Tris-HCl pH 8, 

0.25M LiCl, 1mM EDTA, 0.5% NP-40, 0.5% sodium deoxycholate), and 1X with 

TE buffer. After the final wash, chromatin was eluted from the beads using 2 rounds 

of incubation at 65°C for 10 minutes with 200 ml of TE 1% SDS. Input and ChIP 

samples were then reverse cross-linked by overnight incubation at 65°C. The 

following day 5 µl of Proteinase K (20mg/ml) and 1 µl of glycogen (20mg/ml) were 

added to the samples and incubated at 37°C for 2 h. 40 µl of 5M LiCl was then 

added to each sample, followed by phenol/chloroform extraction, and ethanol 

precipitation. The resulting DNA pellets were resuspended in 50 µl TE and 5 µl of 
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RNase A (5mg/ml) and incubated at 37°C for 1 h followed by purification using 

Qiagen PCR Purification Kit (28106). Samples were eluted from PCR kit columns 

using 100ul of 10mM Tris-HCl pH8 and stored at -20°C.  

DNA samples were analyzed by qPCR as described in (Makio and Wozniak 

2020). ChIP and Input DNA were used to amplify the target sequences of interest 

using PerfeCTa SYBR green PCR mix (Quanta Biosciences 95056-500) and a 

MX3000 (Agilent) instrument. The relative fold enrichment of chromatin 

immunoprecipitated with the protein of interest was evaluated by the ΔΔCt method 

(Livak and Schmittgen 2001). PCR amplification of each region was first 

normalized against the amplification of the corresponding Input DNA to generate 

a ΔCt value.  Each region was then normalized to the amplification of a non-specific 

binding control region including either 17.1 kb from Tel6R (subtelomeric Chip for 

Sir4) or an intergenic region in Chromosome V (subtelomeric ChIP for SUMO & 

INO1 ChIP), to generate ΔΔCt values. The relative fold change of chromatin over 

background was given as 2-ΔΔCt, based on the assumption that the PCR reaction was 

100% efficient. Oligonucleotides used for qPCR are listed in Table 2-4. 

Table 2-4. Oligonucleotides used in qPCR 

Target DNA Oligonucleotide Sequence 

Chromosome V 

intergenic region 

S-ACATTCTTGGAAA CCCATCG 

AS-TCGTATCATGATTTAGCGTCGT 

INO1 GRS1 S-TCGTTCCTTTTGTTC TTCACG 

AS-GCCTCCGCATATTTCACATT 

INO1 A S-AAATGCGGCATGTGAAAAGT 

AS-AGAG GTGCGCTTTCTCTGC 
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INO1 B S-AGAGAAAGCGCACCTCTGC 

AS-AGGAACCCGACAACAGAACA 

INO1 C S-CGACAAGTGCACGTACAAGG 

AS-CAGTGGGCGTTACATCGAA 

INO1 D S-CTTCGGCTCC ATGACTCAAT 

AS-GCTAACCATGGGCAACAGAG 

INO1 E S-GGACTCAAAAGTGGCAATGG 

AS-TCAAGGGCGTAGCCAGTAAA 

INO1 F S-CGTCTTAAAAGGGGCGTTTT 

AS-TTTACTGAGG TGGCCCTTGA 

Chr. VI 0.5kb S-GATAACTCTGAACTGTGCATCCAC 

AS-ACTGTC GGAGAGTTAACAAGCGGC 

Chr. VI 2.5kb S-GAGCAATGAATCTTCGGTGCTTGG 

AS-CGCAGTACCTTGGAAAAATCTAGGC 

Chr. VI 4.1kb S-CGTTCTTCTTGGCCCTTATC 

AS-CATCATCGGTGGTTTTGTCGTG 

Chr. VI 7.7kb S-AAGTCACTATGGGTTGCCGGTATC 

AS-AACT ACCTCTATAGGACCTGTCTC 

Chr. VI 17.1kb S-GAAAGTTTGGATGCTAGCAAGGGC 

ASGCATAGCCTTTGAAAACGGCG 

 

2.14 Immunofluorescence 

To each 5 ml culture of log-phase cells  0.6 ml of 10X phosphate buffer (1M 

KH2PO4, 370 mM KOH, 0.5 mM MgCl2) and 0.8 ml of 37% formaldehyde was 

added, followed by incubation at 30C for 30 min. Cells were then pelleted and 

washed 2x with 1X phosphate buffer. The final pellets were resuspended in 100 ml 
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of sorbitol-citrate buffer (100 mM K2PO4, 3.6 mM citric acid, 1.2 M sorbitol, 0.5 

mM MgCl2) and DTT was added to final concentration of 1 mM. Cells were 

pelleted and incubated at 30C for 20 min in 100 ml of sorbitol-citrate buffer 

supplemented with 2 mg/ml 20T zymolyase. Following incubation cells were 

pelleted and washed 2x with 1 ml sorbitol-citrate buffer. The final pellet was 

resuspended in 50 ml of sorbitol-citrate buffer. 20 ml of the cell suspension was 

pipetted onto a multi-well slide coated with 0.1 % poly-L-lysine and the slide was 

incubated at RT in a covered box lined with damp paper towels for 30 min. All 

subsequent incubations and washes were carried out at RT in the same box with ~ 

20 ml each solution. Steps included 1)1x PBST wash, 2) 1x addition of PBS 0.1% 

Triton X-100 with a 10 min incubation, 3) 2x wash with PBST, 4) 1x  addition of 

PBST, 1% BSA with a 10 min incubation, 4) 1x addition of PBST, 1% BSA 

supplemented with a rabbit polyclonal anti-SUMO antibody (Wozniak Lab) at a 

1:500 dilution with a 1 h incubation, 5) 10x wash with PBST, 0.1% BSA, 6)  1x 

addition of PBST, 1% BSA supplemented with Alexa Flouor 488 donkey anti-

rabbit IgG antibody (Life technologies A11055) at a 1:200 dilution with a 1 h 

incubation 6)  10x wash with PBST, 0.1% BSA. After the final wash, 7) ~ 3 ul of 

DAPI-Fluoromount-G (SouthernBiotech 0100-20) was added to each well and a 

coverslip was placed over the slide. Cells were then analyzed by epifluorescence 

imaging. 

2.15 Epifluorescence microscopy 

Epifluorescence images of were acquired on a DeltaVision Elite imaging 

system (GE Healthcare Life Sciences) with a 60x/1.42 NA oil, Plan Apo N 
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objective (Olympus). Images were collected as 15 x 0.2 µm z-stacks, except for 

images used for calculating nuclear surface area which involved 40 x 0.2 µm z-

stacks, using the SoftWoRx software, (version 6.5.2, GE Healthcare Life Sciences). 

All cells used for live cell imaging were grown to mid-log phase at 30°C, except 

for GFP-Siz2 strains which were incubated at RT. 1 ml of cultures were pelleted, 

washed once with dH2O, and resuspended in SC. 1.5 ml of this cell suspension was 

then spotted onto a microscope slide and imaged at RT.  

2.15.1 Image analysis 

Images were rendered and analyzed using Image J (NIH). Representative 

images used in figures and for quantification were filtered with the unsharp mask 

filter (Radius (Sigma): 2.0 pixels; Mask Weight: 0.8).  

Cell cycle stage of cells was assessed based on bud size and/or nuclear 

morphology. Specifically, G1 phase - unbudded cells, round nucleus; S phase - 

small-budded cells, round nucleus away from budneck; anaphase/telophase - large-

budded cells, barbell shaped nuclei. 

For line scan quantifications images from each channel were rendered in 

Image J as described above and converted to an 8-bit image. A line of a specific 

length, was drawn through individual cell nuclei and the fluorescence intensity 

along the line was quantified for each channel using Image J. Each line segment 

was drawn to be an equatorial optical section, such that the line drawn was centered 

upon the DAPI or Pus1-GFP signal or that the line passed through two points of the 

Sur4-mCherry signal along the NE, avoiding the nucleolus. However, as the weak 
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NE GFP-Siz2 signal in scs2K180R and siz2I472/473A backgrounds was most apparent 

in the regions adjacent to the nucleolus, lines drawn through the nuclei of these 

cells were initiated at the NE region adjacent to the nucleolus.  

The NE localization of Sir4-GFP foci was determined as previously 

described (Lapetina et al.,  2017). Cells producing Sir4-GFP and the nuclear/ER 

marker Sur4-mCherry were acquired 15 x 0.2 µm z-stacks. Images were 

deconvolved using the iterative 15 cycle conservative ratio in the softWoRx 

program (version 6.5.2, GE Healthcare Life Sciences) and rendered using ImageJ 

(National Institute of Health). Distinct Sir4-eGFP foci were counted, and grouped 

as either: colocalizing, where complete or partial signal overlap was observed 

between Sir4-eGFP and Sur4-mCherry, or not colocalizing with the NE signal. Co-

localization was then expressed as a percentage of the total number of Sir4-eGFP 

foci.  

The subnuclear position of the INO1 locus was assessed relative to the nuclear 

periphery (Nup49-mRFP signal) and was considered to colocalize with NPCs when the 

GFP-lacI focus fully or partially overlapped with Nup49-mRFP, similar to the 

previously described method (J. H. Brickner and Walter 2004; Donna Garvey Brickner 

and Brickner 2010). 

Tel14-L position inside the nucleus was determined relative to the NE 

marker Sec63-eGFP (Van De Vosse et al.,  2013; Lapetina et al.,  2017). Images 

were acquired as 15 x 0.2 µm z-stacks, and only the telomere present in the stack 

containing the brightest foci was counted. The distance of the telomere from the 

NE was measured (TD) and divided by the radius of the nuclei (r). The TD/r ratio 
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(R) was used to group telomeres into three concentric zones of equal volume. Zone 

1 represents foci with ratios ≤ 0.184 x R (telomere at the NE); zone 2 foci with 

ratios > 0.184 x R and < 0.422 x R; and zone 3 represents foci with ratios ≥ 0.422 

x R. This method was only used in cells, and at cell cycle stages, where the nuclei 

remained spherical. In M-phase or mutant cells where nuclear flares were observed 

the localization of the GFP-tagged telomeres was determined to colocalize with the 

NE when the foci fully or partially overlapped with the NE localizaed marker, 

Sec63-GFP. 

The surface area of the nucleus was determined using Imaris surface 

analysis (Surface detail 0.2 µm , Thresholding: Background Subtraction 0.81299 

µm ). Images processed in Imaris were acquired as 40 x 0.2 µm z-stacks, and images 

were deconvolved using the iterative 15 cycle conservative ratio in the softWoRx 

program (version 6.5.2, GE Healthcare Life Sciences). In the case of M-phase cells 

where the surface area the membrane bridge between the mother and daughter 

nucleus was not calculated by the Imaris software, the distance of the bridge was 

measured and used to calculate the cylindrical surface area of the bridge assuming 

a radius of 58 nm (Yamaguchi et al.,  2011). The surface area of the mother nucleus, 

daughter nucleus and membrane bridge were then added to derive the total nuclear 

surface area of mitotic cells.  
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Chapter III: Recruitment of an activated gene to the 

yeast nuclear pore complex requires SUMOylation* 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

* A version of this chapter has been published and was co-authored in conjunction 

with N. Park and C. Ptak: Saik, N.O., Park, N., Ptak, C., Adames, N., Aitchison, 

J.D., and R.W. Wozniak. (2020) Recruitment of an Activated Gene to the Yeast 

Nuclear Pore Complex Requires Sumoylation. Front Genet. 2020 11:174.  
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3.1 Overview 

Nuclear pore complexes (NPCs) can influence the spatial organization and 

transcriptional activity of genes by mediating protein interactions with chromatin. 

The NPC association and transcriptional activation of specific genes, such as INO1, 

is facilitated by various components of the NPC which are referred to as Nups. 

Several Nups, which play a role in the NPC association of INO1, also functionally 

and physically interact with the SUMO isopeptidase Ulp1. These observations led 

us to investigate the role of SUMOylation and deSUMOylation in the localization 

and expression of activated INO1. Our analysis shows that activation of INO1 is 

accompanied by changes in the SUMOylation of proteins associated with 

the INO1 locus. These changes are dependent on the binding of the SUMO E3 

ligase, Siz2, and the SUMO isopeptidases, Ulp1, to specific regions of 

the INO1 locus. Our results indicate that Siz2-mediated SUMOylation is a crucial 

regulator of INO1 targeting to the NPC and a cycle of SUMOylation and 

deSUMOylation events at the NPC contributes to the activation of INO1. 
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3.2 Results 

3.2.1 Ulp1 interacts with activated INO1.  

Numerous yeast genes are repositioned from the nucleoplasm to NPCs upon 

activation, including the INO1 gene (J. H. Brickner and Walter 2004; Texari et al.,  

2013; Donna Garvey Brickner et al.,  2019). When cells are switched from medium 

containing inositol to medium depleted of this carbon source, the INO1 gene is 

targeted to NPCs and transcriptionally activated. The association of activated INO1 

with the NPCs is dependent on Nup60 and the related Mlp1/Mlp2 proteins (Donna 

Garvey Brickner et al.,  2007; Ahmed et al.,  2010; Light et al.,  2010; Donna 

Garvey Brickner et al.,  2019). Both Nup60 and the Mlps are also required for the 

association of the deSUMOylase Ulp1 with the NPCs (Y. Zhao et al.,  2004; 

Palancade et al.,  2007; Srikumar, Lewicki, and Raught 2013). This could represent 

a system that would facilitate an interaction of Ulp1 with the INO1 locus at the 

NPCs. Therefore, we tested whether the INO1 gene physically interacts with Ulp1 

upon induction. Prior to induction, no significant enrichment of Ulp1-PrA was 

detected along the INO1 locus, as determined by ChIP analysis. However, 

following activation, a significant increase in Ulp1 occupancy was observed within 

the INO1 ORF (Fig. 3-1). These results show that Ulp1 associates with specific 

regions of the INO1 gene upon its induction and relocalization to the NPCs. 
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Figure 3-1. Ulp1 interacts with the induced INO1 gene.  A) Diagram of the INO1 

locus with regions investigated by ChIP analysis relative to the transcriptional start 

site (arrow), GRS1 sequence, and open reading frame indicated below. B) Ulp1-

PrA producing cells were first grown in medium containing inositol (repressing 

conditions) and then transferred to medium lacking inositol (inducing conditions). 

Cells were collected 0, 1, and 3h after INO1 induction and subjected to ChIP 

analysis using antibodies directed against PrA. Occupancy of Ulp1-PrA at the INO1 

locus relative to an intergenic control was examined by qPCR using primer pairs 

that amplify regions of INO1 indicated in panel A. Shown is the relative fold change 

in Ulp1-PrA association with the various regions of INO1 for the indicated times 

after induction relative to uninduced samples. Graphs represent 3 biological 

replicates. Error bars- SEM.  Asterisks- significant change in Ulp1-PrA association 

with INO1 relative to uninduced counterpart using a paired two-tailed student’s t-

test.  *p < 0.05. Experiments performed by N. Park. Figures constructed by N.O. 

Saik. 
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3.2.2 NPC recruitment and expression of INO1 requires Ulp1 isopeptidase 

activity at the NPC. 

To evaluate whether the interaction of Ulp1 with INO1 at the NPC was 

necessary for INO1 relocalization and activation upon induction, we examined how 

alterations to Ulp1 localization affected the activation of INO1. NPC binding 

domains of Ulp1 include resides 1-150 (ulp1Δ1-150) and 150-340 (ulp1Δ150-340). 

Mutants lacking either domain still bind to NPCs; however, mutants lacking both 

domains (ulp1Δ1-340) show reduced levels of NPC association (S. J. Li and 

Hochstrasser 2003; V. G. Panse et al.,  2003). We assessed the subnuclear 

localization of the INO1 locus prior to and following induction in various ulp1 

mutants lacking domains required for NPC association. The position of INO1 was 

visualized by tagging the gene with a lacO256 cassette in cells also producing the 

GFP-lacI protein (Brickner and Walter, 2004; Ahmed et al.,2010; Fig. 3-2A). 

Induction of INO1 led to a rapid accumulation of INO1::lacO256/GFP-lacI foci at 

the nuclear periphery in WT cells and cells producing the ulp1Δ1-150 or ulp1Δ150-340 

truncations (Fig. 3.2-B). In contrast, cells producing the ulp1Δ1-340 truncation 

(mutant ulp1 which fails to associate with the NPC) did not significantly change 

INO1 localization following induction (Fig. 3.2B) or INO1 transcript levels at 

various times following induction (Fig. 3-2C). In contrast, cells producing ulp1Δ1-

150 or ulp1Δ150-340 truncations had WT levels of INO1 gene expression (Fig. 3-2C). 

To test whether the phenotypes associated with the ulp1Δ1-340 mutant were due to a 

loss of ulp1340-621 at the NPCs or inappropriate ulp1340-621 localization and activity 

within the nucleus, we exogenously expressed 
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Figure 3-2. Ulp1 association with NPCs is required for NE-association and 

expression of INO1 following induction. A) INO1 localization relative to the 

nuclear envelope prior to and following induction was examined in cells containing 

an INO1-lacO256 construct and producing a GFP-lacI (green). Cells also produced 

Nup49-mRFP (red) to allow visualization of the nuclear envelope. Epifluorescence 

images of nuclei showing the subnuclear position of the GFP foci are shown. The 

INO1 loci was determined to be associated with the NE when the GFP-lacI signal 

fully or partially overlapped with Nup49-mRFP. Bar – 2 µm. B and D) The 

percentage of cells showing NE-association of INO1-lacO256 was determined prior 

to (0h), 1h and 3h post induction in WT and the indicated ulp1 mutant strain 

backgrounds. The ulp1∆1-340 strains were transformed with either an empty plasmid 

(pEMPTY) or a plasmid containing a version of WT ULP1 (pULP1). Graphs show 

data from 3 biological replicates where n=50 cells per replicate. Error bars-SD. 

Asterisks- significant change in INO1 NE-association in ulp1 mutant strain 

backgrounds relative to WT cells at corresponding time points using a two-tailed 

student’s t-test. **p<0.01. C and E) Levels of INO1 encoded mRNA following 

induction (0, 1, 2, 3, 4h) for the indicated strains as determined by RT-qPCR. INO1 

mRNA levels were normalized to ACT1 mRNA.  Graphs show data from 3 

biological replicates. Error bars- SEM. Asterisks- significant change in INO1 

mRNA levels in ulp1 mutant strain backgrounds relative to WT cells at 

corresponding time points using a two-tailed student’s t-test. **p<0.01. 
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Ulp1 in ulp1Δ1-340 mutant cells; this restored INO1 localization (Fig. 3-2D) and 

transcription to WT levels (Fig. 3-2E). Together these results suggest that the NPC 

localization of Ulp1 is necessary for the proper regulation of INO1 upon induction. 

The effects of the ulp1Δ1-340 mutant on INO1 localization and expression 

could be the consequence of losing the N-terminal domain of Ulp1 (residues 1-340) 

or losing the isopeptidases activity of Ulp1 at the NPC. To distinguish between 

these possibilities, we examined whether tethering the ulp1Δ1-340 truncation to 

NPCs could rescue ulp1Δ1-340 associated INO1 phenotypes. We tethered the ulp1Δ1-

340 truncation to the NPCs by constructing a chimeric gene where the catalytic 

domain of Ulp1 (residues 340-621) was fused to the C-terminus of Nup53 (Fig. 3-

3A). This fusion protein restored NPC association of ulp1 (Fig. 3-3B) and resulted 

in WT levels of INO1 mRNA (Fig. 3-3C) and NPC localization following induction 

(Fig. 3-3D). These results are consistent with a requirement for Ulp1 isopeptidase 

activity at the NPC in regulating INO1 localization and gene expression.  

We also examined whether altering Ulp1 isopeptidase activity at the NPC 

could inhibit INO1 localization and transcription upon induction. We utilized a 

catalytically dead ULP1 mutant (ulp1CSDN) which inhibits the isopeptidases activity 

of Ulp1 independently of the targeting of Ulp1 to the NPC (Mossessova and Lima, 

2000; Elmore et al.,2011; Fig. 3-4A). Because the ulp1CSDN mutant does not support 

cell viability in the absence of WT Ulp1 (Elmore et al.,  2011), we expressed the 

ulp1CSDN mutant in WT cells and assessed for a dominant-negative phenotype for 

INO1 localization and transcriptional activation. ulp1CSDN-GFP localization to the 

NPCs was inversely proportional to WT Ulp1-mCherry (Fig. 3-4B), suggesting the 



100 
 

mutant protein could compete with WT Ulp1 for NPC binding sites. Consistent 

with the requirement for Ulp1 isopeptidase activity at NPCs to facilitate INO1 

relocalization upon induction, cells expressing the ulp1CSDN mutant prevented NPC 

association of the INO1 locus upon induction (Fig. 3-4C). Cells expressing the 

ulp1CSDN mutant did not reduce INO1 expression following induction (Fig. 3-4A), 

suggesting the mutant may not exhibit a dominant-negative phenotype for INO1 

expression. Together these data suggest that Ulp1 isopeptidase activity at the NPC 

facilitates relocalization of the INO1 locus upon induction.  

Several Nups regulate INO1 localization and expression following 

induction, including Nup60 and Nup2 (Donna Garvey Brickner et al.,  2007; 

Ahmed et al.,  2010; Light et al.,  2010; Donna Garvey Brickner et al.,  2019), which 

have also been shown to physically and functionally interact with Ulp1. Nup60 is 

required for the NPC association of Ulp1 and for maintaining cellular levels of Ulp1 

(Palancade et al.,  2007). Nup2 interacts with Ulp1 and has been reported as a 

SUMO target (Folz et al.,  2019; Hannich et al.,  2005; Srikumar, Lewicki, and 

Raught 2013). We tested whether defects in INO1 localization and expression in 

nup60Δ and nup2Δ cells were depended on Ulp1 catalytic activity at NPCs by using 

the Nup53-ulp1340-621 protein in nup60∆ and nup2∆ mutants. The Nup53-ulp1340-

621-GFP fusion showed an NPC localization pattern in both nup60Δ and nup2Δ 

mutant cells (Fig. 3-5A), and rescued INO1 recruitment to the NPCs (Fig. 3-5B) 

and restored INO1 mRNA to WT levels (Fig. 3-5C) following induction. Based on 

these data, we conclude that the defects in INO1  
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Figure 3-3. Tethering of the C-terminal domain of Ulp1 to the NPC supports 

NE-association and expression of INO1 following induction. A) Diagram of the 

NUP53-ulp1340-621 chimera used to replace endogenous ULP1. B) Localization of 

GFP tagged NUP53-ulp1340-621 chimera. Bar-2 µm. C) The percentage of cells 

showing NE-association of INO1-lacO256 in indicated strains following induction 

(0,1,3h). Localization of INO1-lacO256 locus was determined as described in Fig. 

3-2.  Graph shows data from at least 3 biological replicates where n=100 cells per 

replicate. Error bars-SD. Asterisks- significant change in INO1 NE-association of 

various strains relative to WT cells at corresponding time points using a two-tailed 

student’s t-test. **p<0.01. D) Levels of INO1 encoded mRNA following induction 

(0, 1, 2, 3, 4h) for the indicated strains as described in Fig. 3-2. Graph shows data 

from 3 biological replicates. Error bars- SEM. Asterisks- significant change in 

INO1 mRNA levels in various strains relative to WT cells at corresponding time 

points using a two-tailed student’s t-test. *p<0.05. Strains were constructed by C. 

Ptak. Images in panel B were obtained by C. Ptak. Experiments in panel C and D 

were performed by N.O. Saik.  
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Figure 3-4. Ulp1 catalytic activity is required at the nuclear periphery to 

facilitate the NE-association of INO1 upon induction. A) Epifluorescence 

images of WT cells producing plasmid-encoded Ulp1-GFP or Ulp1CSDN-GFP. Bar-

2 µm. B) Representative epifluorescence images of cells producing endogenous 

Ulp1 tagged with mCherry and plasmid encoded Ulp1CSDN-GFP. Bar-2 µm. C) NE-

association of the INO1-lacO256 locus in strains containing the indicated plasmid as 

described in Fig. 3-2. Graph shows data from at least 3 biological replicates where 

n=50 cells per replicate. Error bars-SD. Asterisks- significant change in INO1 NE-

association of various strains relative to WT (pEMPTY) cells at corresponding time 

points using a two-tailed student’s t-test. **p<0.01. D) Levels of INO1 encoded 

mRNA following induction (0, 1, 2, 3, 4h) for strains containing the indicated 

plasmid as described in Fig. 3-2. Graph shows data from 3 biological replicates. 

Error bars- SEM. Asterisks- significant change in INO1 mRNA levels of various 

strains relative to WT (pEMPTY) cells at corresponding time points using a two-

tailed student’s t-test. *p<0.05. Experiments in panel A and B were performed by 

C. Ptak. Experiments in panel C were performed by N. Park. Experiments in panel 

D were performed by N.O. Saik.   
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Figure 3-5. Artificially tethering the C-terminal domain of Ulp1 to the NPC 

rescues the INO1 NE-association and transcriptional defects of nup2Δ and 

nup60Δ cells. A) Localization of the GFP-tagged NUP53-ulp1340-621 chimera in 

strains lacking NUP2 or NUP60. Bar- 2 µm. B) Percentage of cells showing NE-

association of INO1-lacO256 in the indicated strains following induction (0, 1, 3h). 

Localization of INO1-lacO256 locus was determined as described in Fig. 3-2.  Graph 

shows data from at least 3 biological replicates where n=100 cells per replicate. 

Error bars-SD. Asterisks- significant change in INO1 NE-association of various 

strains relative to WT cells at corresponding time points using a two-tailed student’s 

t-test. **p<0.01. C) Levels of INO1 encoded mRNA following induction (0, 1, 2, 

3, 4h) for the indicated strains as described in Fig. 3-2. Graph shows data from 3 

biological replicates. Error bars- SEM. Asterisks- significant change in INO1 

mRNA levels of various strains relative to WT cells at corresponding time points 

using a two-tailed student’s t-test. *p<0.05, **p<0.01. Experiments in panel A were 

performed by C. Ptak. Experiments in panel B and C were performed by N.O. Saik. 
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regulation previously observed in the nup60∆ and nup2∆ mutants are functionally 

linked to Ulp1. 

3.2.3 Repression of INO1 is maintained by SUMOylation. 

The requirement of Ulp1 to activate the INO1 locus led us to investigate 

whether the induction of INO1 altered the SUMOylation state of associated 

proteins. Antibodies directed against SUMO were used for ChIP analysis for 

specific regions within and near the INO1 gene prior to and following induction. 

Upon induction, the gene recruitment sequence 1 (GRS1) showed a significant 

decrease in the SUMOylation of associated proteins, while regions containing the 

transcriptional start site showed a significant increase in SUMOylation. At the same 

time, proteins associated with the ORF and 3' UTR showed little or no changes in 

SUMOylation (Fig. 3-6A, B). While in ulp1Δ1-340 mutant cells, proteins associated 

with the ORF showed a significant increase in SUMOylation following induction 

(Fig. 3-6C). These results suggest that specific SUMOylation events within the 

INO1 ORF may maintain the repression of INO1, and that specific deSUMOylation 

and SUMOylation events may regulate INO1 localization and expression upon 

induction.  
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Figure 3-6. SUMOylation of INO1-associated proteins is altered upon INO1 

induction. A) Diagram of the INO1 locus with regions investigated by ChIP 

analysis relative to the transcriptional start site (arrow), GRS1 sequence, and open 

reading frame indicated below. B and C) Indicated cells were grown and analyzed 

by ChIP analysis as described in Fig. 3-1, using antibodies directed against the 

SUMO polypeptide. Shown is the relative fold change of SUMOylated proteins 

associated with the various regions of INO1 for the indicated times after induction 

relative to uninduced samples. Graphs represent at least 5 biological replicates. 

Error bars- SEM.  Asterisks- significant change in association of SUMOylated 

proteins associated with INO1 relative to uninduced counterpart using a paired two-

tailed student’s t-test.  *p < 0.05, **p < 0.01, ***p < 0.001. 
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3.2.4 The SUMO ligase Siz2 is required for the recruitment of INO1 to NPCs. 

Siz2 has been previously shown to play a role in the nuclear envelope 

association of chromatin (Ferreira et al.,  2011; Lapetina et al.,  2017; Churikov et 

al.,  2016).  Therefore, to further investigate the role of SUMOylation events in 

INO1 regulation, we examined the role of Siz2, and the related SUMO ligase Siz1, 

in INO1 localization and gene activation following induction. INO1 recruitment to 

the NPCs was indistinguishable from WT cells in siz1Δ cells. Cells lacking Siz2 

(siz2Δ), however, showed a significant decrease in association (Fig. 3-7A). 

Following induction, relative to WT cells, no differences in INO1 mRNA were 

observed in cells lacking Siz1 or Siz2 (Fig. 3-7B). These results suggest that Siz2 

is required for INO1 binding to the nuclear periphery but not for INO1 expression 

upon induction. Unobservable changes to INO1 mRNA in siz2Δ cells support our 

observations that SUMOylation events within the ORF of INO1 are required for 

repression, as these are absent in siz2Δ cells (Fig. 3-8).  

The requirement of Siz2-mediated SUMOylation events for the NPC 

association of INO1 led us to investigate whether Siz2 physically interacted with 

the INO1 locus. We examined the binding of Siz2-PrA along the INO1 locus prior 

to and following induction by ChIP analysis. Uninduced cells showed significantly 

higher levels of Siz2-PrA bound to the GRS1 region relative to the intergenic 

control, and upon induction, a significant increase in Siz2 occupancy within the 

INO1 ORF occurred (Fig. 3-9). These results are consistent with Siz2 functioning  
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Figure 3-7. The SUMO E3 ligase Siz2 is required for NE-association of INO1 

following induction. A) Percentage of cells showing NE-association of INO1-

lacO256 in indicated strains following induction (0, 1, 4h). Localization of INO1-

lacO256 locus was determined as described in Fig. 3-2.  Graph shows data from at 

least 3 biological replicates where n=100 cells per replicate. Error bars-SD. 

Asterisks- significant change in INO1 NE-association of various strains relative to 

WT cells at corresponding time points using a two-tailed student’s t-test. **p<0.01. 

B) Levels of INO1 encoded mRNA following induction (0, 1, 2, 3, 4h) for the 

indicated strains as described in Fig. 3-2. Graph shows data from 3 biological 

replicates. Error bars- SEM. Asterisks- significant change in INO1 mRNA levels 

for various strains relative to WT cells at corresponding time points using a two-

tailed student’s t-test. *p<0.05. Experiments were performed by N. Park. Figures 

were constructed by N.O. Saik.   
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Figure 3-8. SUMOylation of INO1-associated proteins is dependent on Siz2. A) 

Diagram of the INO1 locus with regions investigated by ChIP analysis relative to 

the transcriptional start site (arrow), GRS1 sequence, and open reading frame 

indicated below. B and C) Indicated cells were grown as described in Fig. 3-1, and 

collected 0, 1, and 3h after INO1 induction for ChIP analysis using antibodies 

directed against the SUMO polypeptide. Changes of SUMO occupancy through the 

INO1 locus upon induction were examined by qPCR to regions of INO1 indicated 

in panel A. Shown is the relative fold enrichment of associated SUMOylated 

proteins at the various regions of INO1 for the indicated times relative to an 

intergenic control. Graphs represent at least 3 biological replicates. Error bars- 

SEM.  Asterisks- significant change in association of SUMOylated proteins 

associated with INO1 relative to uninduced (0h) counterpart using a two-tailed 

student’s t-test.  *p < 0.05, **p < 0.01, ***p < 0.001. 
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Figure 3-9. Siz2 interacts with the induced INO1 locus. A) Diagram of the INO1 

locus with regions investigated by ChIP analysis relative to the transcriptional start 

site (arrow), GRS1 sequence, and open reading frame indicated below. B) Siz2-

PrA producing cells were grown and analyzed by ChIP as described in Fig. 3-1. 

Shown is the relative fold change in Siz2-PrA association with the various regions 

of INO1 for the indicated times after induction relative to uninduced samples. 

Graphs represent 3 biological replicates. Error bars- SEM.  Asterisks- significant 

change in Siz2-PrA association with INO1 relative to uninduced counterpart using 

a paired two-tailed student’s t-test.  *p < 0.05, **p < 0.01, ***p < 0.001. 

Experiments were performed by N. Park. Figures were constructed by N.O. Saik. 
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in the SUMOylation of proteins associated with the INO1 locus prior to (GRS1) 

and in response to INO1 activation (upstream and within the ORF). 

3.2.5 Siz2 protein levels regulate the recruitment of the INO1 locus to NPCs. 

When we investigated the SUMOylation profiles of ulp1Δ1-340 and siz2Δ 

mutant cells, we observed a similar SUMOylation pattern between the mutants, 

including the loss of at least four SUMOylated species within the 40-55kDa range 

(Fig. 3-10 A). Interestingly, in S. pombe, the NPC association of Ulp1 maintains 

SUMOylation events by preventing the degradation of a SUMO E3 ligase (Nie and 

Boddy 2015). Therefore, we investigated Siz2 protein levels in ulp1Δ1-340 mutant 

cells to determine whether the NPC association of Ulp1 was required for Siz2 

stability. Siz2 protein levels were decreased in ulp1Δ1-340 mutant cells (Fig. 3-10 B), 

while ulp1 protein levels were unaltered (Fig. 3-10 C). Together these results 

suggest that NPC-association of Ulp1 in S. cerevisiae stabilizes Siz2.  

We reasoned that the loss of INO1 localization to NPCs in the ulp1Δ1-340 

mutant (Fig. 3-2B) might result from reduced Siz2 and Siz2-mediated 

SUMOylation events. To test this, we restored Siz2 protein levels in ulp1∆1-340 

mutant cells and investigated the subcellular localization of activated INO1. We 

exogenously expressed Siz2 using two different promoters in ulp1∆1-340 and siz2Δ 

mutant cells. Exogenous expression of Siz2 from both promoters allowed Siz2 and 

Siz2-dependent SUMOylation events to accumulate in ulp1∆1-340 and siz2Δ mutant 

cells (Fig. 3-11 C). NPC localization of induced INO1 was comparable to WT cells 

when Siz2 levels were highly expressed (Nop promoter) in ulp1∆1-340 and siz2Δ 

mutant cells. Upon induction, INO1 localization to NPCs in ulp1∆1-340 mutant cells 
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expressing Siz2 with a Cup promoter was comparable to WT cells. In comparison, 

INO1 localization to NPCs in siz2Δ mutant cells expressing Siz2 using a Cup 

promoter was increased from uninduced (Fig. 3-11 A). This discrepancy may be 

due to residual endogenous Siz2  present in the ulp1∆1-340 mutant. Interestingly, 

when Siz2 was highly expressed in either mutant background, increased levels of 

INO1 association with NPCs were observed in uninduced cells (Fig. 3-11A). 

Together these data indicate that Siz2 is a vital regulator of INO1 localization to the 

NPCs. The loss of INO1 localization to the NPCs in ulp1∆1-340 mutant cells is due 

to a decrease in Siz2 and Siz2-mediated SUMOylation. Importantly, despite 

restoring INO1 localization to the NPCs in ulp1∆1-340 mutant cells, exogenously 

expressing Siz2 did not restore INO1 mRNA to WT levels upon induction (Fig. 3-

11B). These results further support our observations that SUMOylation mediates 

repression of the INO1 loci, and transcriptional activation requires deSUMOylation 

by Ulp1 at the NPCs.  
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Figure 3-10. Loss of Ulp1 association with NPCs reduces Siz2 and Siz2-

mediated SUMOylation events. A) Whole-cell lysates of the indicated strains 

were examined by western blotting to detect SUMO conjugates using an anti-

SUMO antibody. Gsp1 is used as a loading control. Blue arrowheads point to four 

SUMO conjugates absent in ulp1Δ1-340 and siz2Δ mutant cells. B) Whole-cell 

lysates of the indicated strains were examined by western blotting to detect Siz2-

V53 and SUMO conjugate profiles using an anti-V5 antibody and anti-SUMO 

antibody. Gsp1 is used as a loading control. Blue arrowheads point to four SUMO 

conjugates absent in ulp1Δ1-340 mutant cells. C) Whole-cell lysates of the indicated 

strains were examined by western blotting to detect ulp1 derivatives using an anti-

GFP antibody. Gsp1 is used as a loading control. Molecular mass markers for 

Western blot analysis are shown in kDa. Experiments in panel A and C were 

performed by C. Ptak. Experiments in panel B were performed by N.O. Saik. 

Figures were constructed by N.O. Saik.   
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Figure 3-11. Exogenously expressing Siz2 rescues the INO1 NE-association 

defects of ulp1∆1-340 cells. A) Percentage of cells showing NE-association of 

INO1-lacO256 in indicated strains following induction (0 and 3h). Localization of 

INO1-lacO256 locus was determined as described in Fig. 3-2.  Graph shows data 

from at least 3 biological replicates where n=100 cells per replicate. Error bars-

SD. Asterisks- significant change in INO1 NE-association of various strain 

backgrounds relative to WT cells at the corresponding time point using a two-

tailed student’s t-test. **p<0.01, ***<0.001. B) Levels of INO1 encoded mRNA 

following induction (3h) for the indicated strains as described in Fig. 3-2. Graph 

shows data from 3 biological replicates. Error bars- SEM. Asterisks- significant 

change in INO1 mRNA levels in various strains relative to WT cells using a two-

tailed student’s t-test. *p<0.05, **p<0.01. C) Whole-cell lysates of the indicated 

strains 0 and 3h following induction were examined by western blotting to detect 

Siz2-V53 and SUMO-conjugate profiles using anti-V5 and anti-SUMO antibody. 

Gsp1 is used as a loading control. Molecular mass markers for western blot 

analysis are shown in kDa. 
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Figure 3-12. Model for the role of SUMOylation and deSUMOylation in INO1 

NE-association and expression following induction. Shown is the proposed 

model for the role of SUMOylation in NPC targeting and transcriptional activation 

of the INO1 gene. In a repressed state INO1 is positioned away from the nuclear 

periphery and bound by SUMOylated proteins. Following induction, Siz2 is 

recruited to the ORF of the INO1 locus where Siz2 facilitates the SUMOylation of 

INO1 associated proteins. These events facilitate the targeting of the INO1 locus to 

the NPC where it interacts with NPC-associated Ulp1. Ulp1 then deSUMOylates 

INO1 bound proteins to promote INO1 transcription.   
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3.3 Discussion 

Numerous observations have established the importance of the spatial 

organization of the genome in regulating chromatin transcription (Mekhail et al.,  

2008; Van de Vosse et al.,  2011; Ptak and Wozniak 2016). In yeast, inducible 

genes, such as INO1, are relocalized from the nucleoplasm to the nuclear periphery 

upon their induction (J. H. Brickner and Walter 2004; Texari et al.,  2013; Donna 

Garvey Brickner et al.,  2019). Relocalization is associated with the loss of 

transcriptional repressors from chromatin and interactions of the locus with 

transcriptional machinery (Donna Garvey Brickner et al.,  2019; Randise-Hinchliff 

et al.,  2016). Here we show that specific SUMOylation and deSUMOylation events 

along the INO1 locus are associated with the activation and relocalization of the 

gene to the NPCs (Fig. 3-6). We show that SUMOylation at the INO1 loci is 

facilitated by the SUMO E3 ligase Siz2 (Fig. 3-8, 3-9) and that Siz2 is essential for 

the relocalization of activated INO1 from the nucleoplasm to NPCs (Fig. 3-7), 

where it interacts with NPC-associated Ulp1 (Fig. 3-1). Our data suggest that this 

interaction facilitates the deSUMOylation of proteins within the INO1 ORF to 

facilitate INO1 expression. These results imply that a cycle of SUMOylation and 

NPC-associated deSUMOylation contributes to INO1 regulation (Fig. 3-12).  

Siz2-mediated SUMOylation events facilitate INO1 localization to the NPCs.  

Several proteins which associate with INO1 to mediate the relocalization of 

the locus to the NPCs are SUMOylated or predicted to be SUMOylated. For 

example, Put3 and Cbf1 bind to GRSI and GRSII, respectively, to facilitate 

targeting to the NPC upon induction (Shetty and Lopes 2010; Donna G. Brickner 
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and Brickner 2012; Randise-Hinchliff et al.,  2016; Donna Garvey Brickner et al.,  

2019). Put3 contains a consensus SUMOylation site (Q. Zhao et al.,  2014), and the 

SUMOylation of Cbf1 has been reported (Wohlschlegel et al.,  2004; Denison et 

al.,  2005). Likewise, Nup2 and Nup60 which interact with and are required for the 

relocalization of INO1 to the NPC upon induction (Dilworth et al.,  2005; Donna 

Garvey Brickner et al.,  2007; Ahmed et al.,  2010; Light et al.,  2010; Donna 

Garvey Brickner et al.,  2019) have been identified as SUMOylation targets (Folz 

et al.,  2019). Therefore, the binding of Siz2 (Fig. 3-9) and subsequent Siz2-

mediated SUMOylation events within INO1 (Fig. 3-8) following induction likely 

represents the SUMOylation of these or other TSF and INM proteins required for 

the relocalization of INO1 to NPCs. The SUMOylation of these proteins may 

enhance interactions with other proteins involved in INO1 regulation. Consistent 

with this idea are our observations that increasing Siz2 and Siz2-mediated 

SUMOylation events (pNop-Siz2-V53) causes aberrant localization of INO1 to NPCs 

under uninduced conditions (Fig. 3-11 A).  

Siz2 and Siz2-mediated SUMOylation of INO1 associated proteins are 

required for NPC localization but not for the transcription of INO1 (Fig. 3-7). This 

is consistent with observations that show gene positioning and transcription can be 

mediated by distinct elements. Put3 and Cbf1, for example, are required for 

recruiting INO1 to the nuclear periphery but not for transcription (Donna G. 

Brickner and Brickner 2012). Our observations that Siz2 and Siz2-mediated 

SUMOylation is required for NPC localization but not for the transcription of INO1 

is also consistent with previous observations that NPC association of INO1 with the 



120 
 

NPC is not required for RNA polymerase II-mediated transcription (Schmid et al.,  

2006; Donna Garvey Brickner et al.,  2007).  

We cannot rule out the possibility that Siz2 and Siz2-mediated 

SUMOylation may be involved in facilitating transcriptional memory. 

Transcriptional memory is established under specific stimuli to allow for a more 

efficient response to the stimuli in the future (D’Urso and Brickner 2017). During 

transcriptional memory, poised RNA Pol II PIC is bound to promoters to enhance 

the rate of future reactivation. INO1 transcriptional memory requires a DNA 

sequence known as a memory recruitment sequence (MRS), which will be bound 

by specific TSFs when going from activating to repressive conditions. This 

facilitates the incorporation of other factors required for future reactivation (Light 

et al.,  2010; D’Urso et al.,  2016; D’Urso and Brickner 2017). We show an increase 

in SUMOylation of the MRS region (region A) following induction (Fig. 3-6). 

SUMOylation at the MRS during initial activation may “prime” these regions and 

facilitate the incorporation of TSFs and other factors required for transcriptional 

memory following repression. Whether Siz2-mediated SUMOylation at INO1 is 

required for transcriptional memory would be of interest to further distinguish the 

role of Siz2 in INO1 localization and transcriptional regulation.  

Ulp1-mediated deSUMOylation events facilitate transcriptional activation of INO1.  

We propose that the SUMOylation events which arise from Siz2 binding to 

INO1 upon induction facilitate the binding of the locus to NPCs where interactions 

with Ulp1 can then direct deSUMOylation events necessary for transcription. We 
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show that the loss of Ulp1 isopeptidase activity at the NPC prevents the 

deSUMOylation of the INO1 locus, which is necessary for transcriptional 

activation (Fig. 3-6). Because restoring the isopeptidase activity of Ulp1 at the 

NPCs, restores INO1 mRNA to WT levels (Fig. 3-3C), this suggests that the ability 

of Ulp1 to bind the INO1 ORF is dependent on NPC interactions. Nup2 and Nup60 

may function to facilitate Ulp1 interactions with the INO1 ORF at NPCs. Consistent 

with this idea, we show that positioning the Ulp1 C-terminal catalytic domain at 

the NPC restores INO1 regulation in nup60Δ and nup2Δ cells (Fig.3-5). Our 

observations that re-establishing INO1 localization to the NPCs independently of 

Ulp1 isopeptidase activity (ulp1Δ1-340 pNop/Cup-Siz2-V53) does not restore INO1 

mRNA to WT levels upon induction (Fig. 3-11) also supports the idea that the 

interaction of Ulp1 with the NPCs is required for the deSUMOylation and 

transcriptional activation of INO1. Overall, we propose that Siz2 and Ulp1 support 

a cycle of SUMOylation and deSUMOylation events required for the expression 

and localization of INO1 to the NPCs upon induction (Fig. 3-12). 

INO1 induction requires the dynamic regulation of SUMOylation and 

deSUMOylation events.  

The requirement for SUMOylation and deSUMOylation events in 

regulating INO1 is similar to those reported for GAL1 (Rosonina, Duncan, and 

Manley 2010; 2012; Texari et al.,  2013). This suggests that the dynamic regulation 

of SUMOylation and deSUMOylation events may be a general regulatory 

mechanism required for the cell to respond to various stimuli. The localization of 

Ulp1 to the NPC situates deSUMOylation events at an essential point for receiving 
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regulatory signals required for transcriptional regulation. As global changes to 

SUMOylation under numerous stress conditions have been reported (Enserink 

2015), testing a broader role for SUMOylation and NPC-mediated deSUMOylation 

on transcriptional response pathways under different stress conditions will be of 

interest. 

Consistent with previous reports (Nie and Boddy 2015), we show that the 

NPC association of Ulp1 is required for E3 ligases stability (Fig. 3-10). We have 

identified INO1 regulation as a biological function maintained by this stability 

pathway. In the case of INO1 regulation, the degradation of Siz2 upon Ulp1 

mislocalization ensures Siz2-mediated SUMOylation does not accumulate within 

INO1 and cause aberrant localization to NPCs under uninduced conditions, as seen 

when Siz2 levels are stabilized in the ulp1Δ1-340 (Fig. 3-11A).  Although this may 

not necessarily affect the transcriptional regulation of INO1 (Fig. 3-11B), the 

inappropriate tethering of the INO1 locus to the NPC may disrupt other NPC 

transcriptional regulation pathways. Furthermore, without the isopeptidase activity 

of Ulp1 at the NPCs to facilitate deSUMOylation, the increased SUMOylation of 

INO1 associated proteins could prevent the SUMOylation of other targets required 

for other biological processes.  

Overall, the requirement of Siz2-mediated SUMOylation and Ulp1 

facilitated deSUMOylation events in regulating induced INO1 highlights the 

dynamic regulatory mechanisms required for gene regulation.   
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Chapter IV: Phosphorylation-dependent mitotic 

SUMOylation drives nuclear envelope-chromatin 

interactions* 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

* A version of this chapter has been published and was co-first authored in 

conjunction with C. Ptak: Ptak, C., Saik, N.O., Premashankar, A., Lapetina, D.L., 

Aitchison, J.D., Montpetit, B., and R.W. Wozniak. (2021) Phosphorylation-

dependent mitotic SUMOylation drives nuclear envelope-chromatin interactions. J 

Cell Biol. 2021 6;220(12):e202103036.  
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4.1 Overview 

SUMOylation is a post-translational modification that targets a diverse set 

of proteins to regulate various biological functions. The SUMOylation of specific 

targets can be facilitated by regulating the spatial and temporal localization of 

SUMO machinery components. SUMOylation events can then facilitate protein-

protein interactions by generating a new contact site for an interacting partner 

containing a SUMO-Interacting (SIM) motif. The formation of SUMO:SIM protein 

networks within a subcellular compartment can regulate a specific biological 

function by enhancing complex formation and activity required for these processes. 

We have identified a novel regulatory system that facilitates the spatiotemporal 

relocalization of Siz2 and its subsequent SUMOylation events to the INM. We 

show that Siz2 undergoes phosphorylation-dependent relocalization to the INM 

during mitosis. The compartmentalization of Siz2 to the INM depends on both 

FFAT:MSP interactions and SUMO:SIM interactions between Siz2 and its 

receptor, Scs2. We show that the Siz2-Scs2 protein complex facilitates the 

enrichment of SUMOylation at the INM generating SUMO:SIM protein interaction 

networks required for the re-association of chromatin with the INM during mitosis.  
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4.2 Results 

4.2.1 NE associated SUMOylation events occur during mitosis.  

Various biological functions, including the spatial orientation of chromatin 

relative to the nuclear periphery, are regulated by SUMOylation (Ferreira et al.,  

2011; Lapetina et al.,  2017; Psakhye and Jentsch 2012; Moradi-Fard et al.,  2016; 

Texari et al.,  2013; Saik et al.,  2020). The biological functions of SUMOylation 

at the NE led us to investigate whether we could visualize an enrichment of 

SUMOylated species at the INM. The spatial localization of SUMOylation species 

in asynchronously grown cells was assessed by immunofluorescence microscopy 

(IF) using a SUMO-specific antibody. Consistent with the majority of previously 

identified SUMOylated proteins being nuclear (Srikumar, Lewicki, and Raught 

2013; Vikram Govind Panse et al.,  2004; Wohlschlegel et al.,  2004; Y. Zhao et 

al.,  2004; Hannich et al.,  2005; Wykoff and O’Shea 2005) interphase cells 

(unbudded and small-budded) cells showed a predominantly nuclear SUMO signal. 

As previously reported, mitotic cells (large budded) had a SUMO signal at septins 

(Erica S. Johnson and Gupta 2001); however, they also showed an enriched SUMO 

signal at the NE (Fig. 4-1).  

4.2.2 Mitotic SUMOylation events at the NE are dependent on Siz2. 

Three SUMO E3 ligases in S. cerevisiae, Siz1, Siz2/Nfi1, and Mms21 

facilitate the SUMOylation of specific targets in actively growing cells (Jentsch and 

Psakhye 2013). We examined the spatial localization of SUMOylation species in 

mutant strains lacking specific E3 ligase activity to determine whether the mitotic 

enrichment of SUMO conjugates was dependent on a specific SUMO E3 ligase.  
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Figure 4-1. SUMOylation events are enriched at the NE during mitosis. Anti-

SUMO immunofluorescence analysis of asynchronously grown cells. Arrowheads 

highlight SUMO along the NE, with nuclear position determined by DAPI staining. 

A SUMOylated septin ring is indicated by an arrow. Nuclear fluorescence levels 

were quantified using line scan intensities of equatorial optical sections through the 

nuclei (see red lines) of interphase (unbudded or small-budded) and mitotic (large 

budded) cells. Plots show average fluorescence intensity for SUMO-IF and DAPI 

at multiple points along a 1.75 µm line for n=25 nuclei. Bar- 2 µm. Error bars- SD. 

Experiments were performed by C. Ptak. Figures were constructed by C. Ptak and 

N.O. Saik.  
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Figure 4-2. The mitotic enrichment of SUMO conjugates at the NE is 

dependent on Siz2. Anti-SUMO immunofluorescence analysis of indicated strains. 

Imaging and quantification of the nuclear distribution of SUMO in mitotic cells (n 

= 25) was performed as in Fig. 4-1. Arrowheads highlight SUMO along the NE, 

with nuclear position determined by DAPI staining. A SUMOylated septin ring is 

indicated by an arrow. Bar- 2 µm. Error bars- SD. Experiments were performed by 

C. Ptak. Figures were constructed by C. Ptak and N.O. Saik. 
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The loss of Siz2 activity, but not Siz1 or Mms21, prevented the mitotic 

accumulation of SUMO conjugates at the NE (Fig. 4-2). These observations 

indicate Siz2 is required for the mitotic accumulation of SUMO conjugates at the 

NE. 

Coinciding with the mitotic enrichment of SUMO at the NE, western 

blotting analysis in synchronized cells revealed an increase in the mitotic levels of 

various SUMOylated species, including four SUMOylated species in the 40-55 kDa 

size range (Fig. 4-3A). Clb2 protein levels were used to determine the onset of 

mitosis, as degradation of Clb2 occurs upon anaphase onset (Irniger, 2002). The 

four mitotic SUMOylation species in the 40-55 kDa range could also be visualized 

by western blotting analysis of asynchronous cells (Fig. 4-3B). We investigated 

whether the cell cycle specific changes in SUMOylation proteins detected by 

western blot analysis were the Siz2-dependent mitotic SUMOylated proteins 

observed at the NE. Anti-SUMO western blotting of synchronized or asynchronous 

cell cultures showed that cells lacking Siz2, but not Siz1 or Mms21, failed to 

accumulate the prominent SUMOylated species during mitosis (Fig. 43B-D). 

Together, these observations indicate that Siz2 is required to direct specific mitotic 

SUMOylation events at the NE.  

Enrichment of SUMOylation events to specific regions can be achieved by 

targeting SUMO regulatory components to these regions (Jentsch and Psakhye 

2013). Therefore, we examined GFP-Siz2 localization in asynchronously grown 

cells. GFP-Siz2 showed a primarily diffuse localization throughout the 

nucleoplasm in interphase cells, with dynamic GFP-Siz2 puncta also visible along  
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Figure 4-3. The enrichment of specific mitotic SUMOylation events is 

dependent on Siz2. A, C, D) Indicated strains were arrested in G1-phase using α-

factor. Following α-factor removal, cultures were sampled every 10 min and 

analyzed by western blotting using antibodies directed against the proteins 

indicated on the right. Gsp1 is a loading control. Blue arrowheads highlight four 

prominent SUMOylated species in the 40-55 kDa range that arise in mitosis and 

decay as cell enter G1-phase. Molecular mass markers are shown in kDa. B) Cell 

lysates derived from asynchronous cultures of WT, siz1Δ, siz2Δ, and mms211-184-

V53 (Mms21 derivative deficient in SUMO E3 ligase activity) cells were assessed 

by western blotting using an anti-SUMO antibody to assess SUMO conjugate 

profiles. Gsp1 is a loading control. Blue arrowheads highlight prominent mitotic 

SUMO conjugates in the 40-55 kDa range. Molecular mass markers are shown in 

kDa. Experiments were performed by C. Ptak. Figures were constructed by C. Ptak 

and N.O. Saik. 
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Figure 4-4. Siz2 is enriched at the NE during mitosis. Representative 

epifluorescence images of cells producing GFP-Siz2 at the indicated cell cycle 

stage. Sur4-mCherry is a NE/ER marker. The cell cycle stage was determined by 

bud size and nuclear morphology. Arrowheads highlight GFP-Siz2 at the NE. 

Nuclear distribution of GFP-Siz2 relative to Sur4-mCherry was determined using 

line scan intensities of equatorial optical sections through the nuclei (see red lines) 

of interphase (unbudded or small-budded) and mitotic (large budded) cells. Plots 

show average fluorescence intensity for GFP-Siz2 and Sur4-mCherry at multiple 

points along a 2.1 µm line for n=25 nuclei. Bar- 2 µm. Error bars- SD. Experiments 

were performed by C. Ptak. Figures were constructed by C. Ptak and N.O. Saik. 
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the NE. In these cells, GFP-Siz2 was partially excluded from the nucleolus. 

However, as the NE elongated and cells progressed into anaphase, a uniform 

localization of GFP-Siz2 at the NE accumulated. GFP-Siz2 enrichment at the NE 

was retained until the dissolution of the NE membrane bridge that links the mother 

and daughter nuclei during cytokinesis (Fig. 4-4). Together these results suggest 

that the mitotic relocalization of Siz2 to the INM facilitates the enrichment of 

SUMOylated proteins. 

4.2.3 Mitotic phosphorylation facilitates Siz2 enrichment at the NE.  

Post-translational modifications, such as phosphorylation, drive critical 

transitions through mitosis (Cuijpers and Vertegaal 2018). Therefore, we examined 

whether the relocalization of Siz2 during mitosis was the result of a post-

translational modification. Western blot analysis of synchronized cells showed 

alterations in the electrophoretic mobility of Siz2, consistent with Siz2 being post-

translationally modified during mitosis (Fig. 4-5A). Phosphatase treatment of 

mitotic cell lysates removed the slower migrating species of Siz2, indicating that 

Siz2 undergoes mitotic phosphorylation (Fig. 4-5B). Putative Siz2 phosphorylation 

sites at serine residues 522, 527, and 674 were previously identified by 

phosphoproteome analyses (De Albuquerque et al.,  2016; Holt et al.,  2009). We 

generated phosphomutants for each of these residues to determine the mitotic 

phosphorylation site of Siz2. The mitotic phosphorylation of Siz2 was unaltered in 

siz2S527A (Fig. 4-6A) and siz2S674A mutants (Fig. 4-6B). In addition, siz2S527A-GFP 

and siz2S674A-GFP were still localized to the NE during mitosis (Fig. 4-6C, D), and 

Siz2-dependent mitotic SUMOylation events still accumulated in these mutants  
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Figure 4-5. Siz2 is phosphorylated during mitosis. A) α-factor arrest-release 

assays were carried out as described in Fig. 4-3 on Siz2-V53 producing cells. Cell 

lysates were analyzed by western blotting to detect Siz2-V53, Clb2, and the Gsp1 

load control. Dot highlights mitotically phosphorylated Siz2-V53. B) Cell lysates 

from 60 min post α-factor release were solubilized in buffer lacking (-PPase) or 

containing protein phosphatase (+PPase). Samples were analyzed by western 

blotting using anti-V5 and Gsp1 (loading control) antibodies. Different 

electrophoretic mobilities of Siz2-V53 are indicated by the line on the right. 

Molecular mass markers are shown in kDa. Experiments were performed by C. 

Ptak. Figures were constructed by C. Ptak and N.O. Saik. 
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Figure 4-6. The mitotic phosphorylation of Siz2 at residue 522, is required for 

mitotic SUMOylation events at the NE. A, B, E) α-factor arrest-release assays on 

the indicated strains were carried out as described in Fig. 4-3. Cell lysates were 

analyzed by western blotting to detect SUMO conjugates, siz2-V53 derivatives, 

Clb2, and the Gsp1 load control. Dots highlight mitotically phosphorylated siz2-

V53. Blue arrowheads highlight four prominent SUMOylated species in the 40-55 

kDa range that arise in mitosis. Molecular mass markers are shown in kDa. C, D, 

F) Epifluorescence images of mitotic cells producing GFP-Siz2 or GFP-siz2Phos site 

mutants.  Sur4-mCherry is a NE/ER marker. Arrowheads highlight GFP-Siz2 or 

GFP-siz2Phos site mutants at the NE. Imaging and quantification of the nuclear 

distribution of GFP-Siz2 or GFP-siz2Phos site mutants in mitotic cells (n = 25) was 

performed as described in Fig. 4-4. Quantification of line scans were obtained at 

the same time as data shown in Fig. 4-4. Error bars - SD. Bar – 2 µm. G) Anti-

SUMO immunofluorescence analysis of siz2S522A-V53 cells. Imaging and 

quantification of the nuclear distribution of SUMO in mitotic cells (n = 25) was 

performed as in Fig. 4-1. Error bars - SD. Bar – 2 µm. Experiments were performed 

by C. Ptak. Figures were constructed by C. Ptak and N.O. Saik. 
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(Fig. 4-6A,B). Mitotic phosphorylation of Siz2, however, was absent in siz2S522A 

mutants (Fig. 4-6E). Preventing phosphorylation at residue 522 also prevented siz2 

localization to the NE during mitosis (Fig. 4-6F) and prevented the mitotic 

accumulation of SUMO at the NE (Fig. 4-6F,G). Therefore, the phosphorylation-

dependent recruitment of Siz2 to the NE regulates the SUMOylation of NE-

associated proteins during mitosis. 

4.2.4 Scs2 is an INM-associated receptor of Siz2 during mitosis.  

We created a list of previously identified SUMOylated proteins that were 

40-55 kDa in size (Table 4-1) and investigated whether the loss of any of these 

nonessential genes altered Siz2-dependent mitotic SUMOylation. We reasoned that 

if any of these previously reported SUMOylated proteins were mitotic 

SUMOylation targets of Siz2 western blot analysis of the null mutants would cause 

one or more of the four mitotic SUMOylated species to be absent. Western blot 

analysis revealed that all four Siz2-dependent mitotic SUMOylation species were 

absent in cells lacking the gene encoding Scs2 (Fig. 4-7). Scs2 is an ER/NE 

localized membrane protein of the VAP (Vesicle-associated membrane protein 

(VAMP)-Associated Protein) family (Christopher J.R. Loewen and Levine 2005). 

Scs2 has been previously identified as a ~55 kDa SUMOylation species 

(Felberbaum et al.,  2011). Therefore, SUMOylated Scs2 would be consistent with 

the size of at least one of the Siz2-dependent SUMO modifications observed during 

mitosis.  
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Table 4-1. Genes representing SUMOylated proteins 40-55kDa in size that 

were deleted to investigate alterations to SUMOylation profiles. 

Gene Gene Name Size (Da) Reference Reporting SUMOylation 

YAL027W 

SAW1 29778 

Dension et al.,2004; Wohlschlegel et 

al.,2004; Makhnevych et al.,2009 

YAL060W 

BDH1 41574 

Wohlschlegel et al.,2004; 

Makhnevych et al.,2009 

YBL002W 

HTB2 14251 

Wohlschlegel et al.,2004; 

Makhnevych et al.,2009 

YBL003C 

HTA2 14002 

Wohlschlegel et al.,2004; 

Makhnevych et al.,2009 

YBL006C 

LDB7 19797 

Dension et al.,2004; Wohlschlegel et 

al.,2004; Makhnevych et al.,2009 

YBL027W 

RPL19B 21736 

Hannich et al.,2005; Makhnevych et 

al.,2009 

YBL072C 

RPS8A 22517 

Dension et al.,2004; Zhou et al.,2004; 

Makhnevych et al.,2009 

YBR009C 

HHF1 11386 

Wohlschlegel et al.,2004; 

Makhnevych et al.,2009 

YBR018C 

GAL7 42385 

Dension et al.,2004; Makhnevych et 

al.,2009 

YBR031W 

RPL4A 39126 

Dension et al.,2004; Makhnevych et 

al.,2009 

YBR048W 

RPS11B 17775 

Hannich et al.,2005; Makhnevych et 

al.,2009 

YBR072W 

HSP26 23874 

Zhou et al.,2004; Makhnevych et 

al.,2009 

YBR106W SND3 21142 Makhnevych et al.,2009 

YBR129C OPY1 37742 Makhnevych et al.,2009 

YBR149W 

ARA1 38874 

Wohlschlegel et al.,2004; 

Makhnevych et al.,2009 

YBR189W 

RPS9B 22313 

Hannich et al.,2005; Makhnevych et 

al.,2009 
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YBR191W 

RPL21A 18262 

Hannich et al.,2005; Makhnevych et 

al.,2009 

YBR221C 

PDB1 40044 

Wohlschlegel et al.,2004; 

Makhnevych et al.,2009 

YBR249C 

ARO4 39747 

Panse et al.,2004; Makhnevych et 

al.,2009 

YCL050C 

APA1 36475 

Wohlschlegel et al.,2004; Panse et 

al.,2004; Makhnevych et al.,2009 

YCR002C 

CDC10 37016 

Panse et al.,2004; Makhnevych et 

al.,2009 

YCR016W 

YCR016W 33594 

Hannich et al.,2005; Makhnevych et 

al.,2009 

YDL002C 

NHP10 23858 

Wohlschlegel et al.,2004; 

Makhnevych et al.,2009 

YDL022W 

GPD1 42854 

Panse et al.,2004; Makhnevych et 

al.,2009 

YDL051W LHP1 32107 Makhnevych et al.,2009 

YDL075W 

RPL31A 12962 

Wohlschlegel et al.,2004; 

Makhnevych et al.,2009 

YDL082W 

RPL13A 22580 

Dension et al.,2004; Makhnevych et 

al.,2009 

YDL191W RPL35A 13932 Makhnevych et al.,2009 

YDL213C 

NOP6 25238 

Wohlschlegel et al.,2004; 

Makhnevych et al.,2009 

YDL226C 

GCS1 39289 

Panse et al.,2004; Makhnevych et 

al.,2009 

YDR071C 

PAA1 21941 

Hannich et al.,2005; Makhnevych et 

al.,2009 

YDR130C 

FIN1 33202 

Dension et al.,2004; Wohlschlegel et 

al.,2004; Makhnevych et al.,2009 

YDR155C 

CPR1 17390 

Dension et al.,2004; Hannich et 

al.,2005; Makhnevych et al.,2009 
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YDR158W 

HOM2 39541 

Panse et al.,2004; Makhnevych et 

al.,2009 

YDR171W 

HSP42 42794 

Hannich et al.,2005; Makhnevych et 

al.,2009 

YDR174W 

HMO1 27546 

Dension et al.,2004; Zhou et al.,2004; 

Hannich et al.,2005; Makhnevych et 

al.,2009 

YDR225W 

HTA1 14002 

Dension et al.,2004; Wohlschlegel et 

al.,2004; Makhnevych et al.,2009 

YDR226W 

ADK1 24252 

Wohlschlegel et al.,2004; 

Makhnevych et al.,2009 

YDR233C 

RTN1 32923 

Hannich et al.,2005; Makhnevych et 

al.,2009 

YDR318W 

MCM21 42950 

Wohlschlegel et al.,2004; 

Makhnevych et al.,2009 

YDR336W 

MRX8 35635 

Zhou et al.,2004; Makhnevych et 

al.,2009 

YDR382W 

RPP2B 11035 

Dension et al.,2004; Makhnevych et 

al.,2009 

YDR447C 

RPS17B 15820 

Zhou et al.,2004; Makhnevych et 

al.,2009 

YDR450W 

RPS18A 17049 

Dension et al.,2004; Makhnevych et 

al.,2009 

YDR469W 

SDC1 19434 

Dension et al.,2004; Wohlschlegel et 

al.,2004; Hannich et al.,2005; 

Makhnevych et al.,2009 

YDR471W 

RPL27B 15525 

Hannich et al.,2005; Makhnevych et 

al.,2009 

YEL009C 

GCN4 31300 

Dension et al.,2004; Wohlschlegel et 

al.,2004; Makhnevych et al.,2009 

YER039C 

HVG1 27691 

Panse et al.,2004; Makhnevych et 

al.,2009 

YER074W RPS24A 15348 Makhnevych et al.,2009 
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YER120W 

SCS2 26915 

Panse et al.,2004; Zhou et al.,2004; 

Makhnevych et al.,2009 

YER177W 

BMH1 30074 

Dension et al.,2004; Makhnevych et 

al.,2009 

YFR001W 

LOC1 23622 

Wohlschlegel et al.,2004; 

Makhnevych et al.,2009 

YGL076C 

RPL7A 27662 

Dension et al.,2004; Makhnevych et 

al.,2009 

YGL148W 

ARO2 40839 

Panse et al.,2004; Makhnevych et 

al.,2009 

YGL157W 

ARI1 38076 

Wohlschlegel et al.,2004; Panse et 

al.,2004; Makhnevych et al.,2009 

YGR135W 

PRE9 28706 

Panse et al.,2004; Makhnevych et 

al.,2009 

YGR192C 

TDH3 35745 

Panse et al.,2004; Zhou et al.,2004; 

Makhnevych et al.,2009 

YGR214W 

RPS0A 28006 

Zhou et al.,2004; Makhnevych et 

al.,2009 

YHL031C 

GOS1 25401 

Wohlschlegel et al.,2004; 

Makhnevych et al.,2009 

YHL033C 

RPL8A 28150 

Dension et al.,2004; Makhnevych et 

al.,2009 

YHR134W 

WSS1 30631 

Hannich et al.,2005; Makhnevych et 

al.,2009 

YHR193C EGD2 18702 Makhnevych et al.,2009 

YHR203C 

RPS4B 29432 

Hannich et al.,2005; Makhnevych et 

al.,2009 

YIL053W 

GPP1 27939 

Dension et al.,2004; Panse et al.,2004; 

Zhou et al.,2004; Makhnevych et 

al.,2009 

YIL110W 

HPM1 42489 

Dension et al.,2004; Makhnevych et 

al.,2009 
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YIL148W 

RPL40A 14568 

Zhou et al.,2004; Makhnevych et 

al.,2009 

YIR038C 

GTT1 26792 

Wohlschlegel et al.,2004; 

Makhnevych et al.,2009 

YJL052W 

TDH1 35752 

Dension et al.,2004; Makhnevych et 

al.,2009 

YJL092W 

SRS2 134321 

Hannich et al.,2005; Makhnevych et 

al.,2009 

YJL140W 

RPB4 25397 

Dension et al.,2004; Wohlschlegel et 

al.,2004; Makhnevych et al.,2009 

YJL148W 

RPA34 26879 

Dension et al.,2004; Wohlschlegel et 

al.,2004; Makhnevych et al.,2009 

YJR009C 

TDH2 35845 

Dension et al.,2004; Makhnevych et 

al.,2009 

YJR024C 

MDE1 27423 

Panse et al.,2004; Makhnevych et 

al.,2009 

YJR048W 

CYC1 12190 

Dension et al.,2004; Makhnevych et 

al.,2009 

YJR060W 

CBF1 39366 

Dension et al.,2004; Wohlschlegel et 

al.,2004; Makhnevych et al.,2009 

YJR063W 

RPA12 13662 

Wohlschlegel et al.,2004; 

Makhnevych et al.,2009 

YJR104C 

SOD1 15849 

Dension et al.,2004; Zhou et al.,2004; 

Hannich et al.,2005; Wykoff et 

al.,2005; Makhnevych et al.,2009 

YJR145C 

RPS4A 29432 

Dension et al.,2004; Makhnevych et 

al.,2009 

YJR153W 

PGU1 37291 

Hannich et al.,2005; Makhnevych et 

al.,2009 

YKL094W 

YJU3 35566 

Wohlschlegel et al.,2004; 

Makhnevych et al.,2009 

YKL096W 

CWP1 24256 

Wohlschlegel et al.,2004; 

Makhnevych et al.,2009 
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YKL142W 

MRP8 25081 

Dension et al.,2004; Wohlschlegel et 

al.,2004; Zhou et al.,2004; 

Makhnevych et al.,2009 

YKL216W 

URA1 34798 

Wohlschlegel et al.,2004; 

Makhnevych et al.,2009 

YKR092C 

SRP40 40971 

Dension et al.,2004; Makhnevych et 

al.,2009 

YLL039C 

UBI4 42826 

Dension et al.,2004; Makhnevych et 

al.,2009 

YLR048W 

RPS0B 27945 

Panse et al.,2004; Makhnevych et 

al.,2009 

YLR150W 

STM1 30007 

Wohlschlegel et al.,2004; Zhou et 

al.,2004; Hannich et al.,2005; 

Makhnevych et al.,2009 

YLR180W 

SAM1 41803 

Panse et al.,2004; Makhnevych et 

al.,2009 

YLR192C 

HCR1 29554 

Zhou et al.,2004; Makhnevych et 

al.,2009 

YLR221C 

RSA3 24642 

Dension et al.,2004; Wohlschlegel et 

al.,2004; Makhnevych et al.,2009 

YLR350W 

ORM2 24855 

Hannich et al.,2005; Makhnevych et 

al.,2009 

YLR354C 

TAL1 37034 

Dension et al.,2004; Makhnevych et 

al.,2009 

YLR406C 

RPL31B 12976 

Wohlschlegel et al.,2004; 

Makhnevych et al.,2009 

YLR420W 

URA4 40307 

Wohlschlegel et al.,2004; 

Makhnevych et al.,2009 

YLR441C 

RPS1A 28763 

Dension et al.,2004; Zhou et al.,2004; 

Makhnevych et al.,2009 

YLR448W 

RPL6B 20004 

Wohlschlegel et al.,2004; 

Makhnevych et al.,2009 

YLR455W 

PDP3 35521 

Dension et al.,2004; Wohlschlegel et 

al.,2004; Makhnevych et al.,2009 
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YML028W 

TSA1 21583 

Dension et al.,2004; Zhou et al.,2004; 

Makhnevych et al.,2009 

YML041C 

VPS71 32039 

Dension et al.,2004; Wohlschlegel et 

al.,2004; Makhnevych et al.,2009 

YML073C 

RPL6A 19980 

Dension et al.,2004; Wohlschlegel et 

al.,2004; Makhnevych et al.,2009 

YMR083W 

ADH3 40375 

Panse et al.,2004; Makhnevych et 

al.,2009 

YMR230W 

RPS10B 12741 

Dension et al.,2004; Wohlschlegel et 

al.,2004; Makhnevych et al.,2009 

YMR233W 

TRI1 26480 

Hannich et al.,2005; Makhnevych et 

al.,2009 

YMR241W 

YHM2 34203 

Panse et al.,2004; Makhnevych et 

al.,2009 

YMR269W 

TMA23 23981 

Wohlschlegel et al.,2004; 

Makhnevych et al.,2009 

YMR303C 

ADH2 36728 

Zhou et al.,2004; Makhnevych et 

al.,2009 

YMR318C 

ADH6 39613 

Dension et al.,2004; Makhnevych et 

al.,2009 

YNL030W 

HHF2 11386 

Wohlschlegel et al.,2004; 

Makhnevych et al.,2009 

YNL055C 

POR1 30429 

Panse et al.,2004; Makhnevych et 

al.,2009 

YNL067W 

RPL9B 21667 

Wohlschlegel et al.,2004; 

Makhnevych et al.,2009 

YNL069C 

RPL16B 22277 

Dension et al.,2004; Makhnevych et 

al.,2009 

YNL096C 

RPS7B 21646 

Dension et al.,2004; Makhnevych et 

al.,2009 

YNL097C 

PHO23 37026 

Dension et al.,2004; Wohlschlegel et 

al.,2004; Makhnevych et al.,2009 
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YNL134C 

YNL134C 41158 

Wohlschlegel et al.,2004; 

Makhnevych et al.,2009 

YNL301C 

RPL18B 20593 

Hannich et al.,2005; Makhnevych et 

al.,2009 

YNL333W 

SNZ2 32025 

Panse et al.,2004; Makhnevych et 

al.,2009 

YOL086C 

ADH1 36845 

Dension et al.,2004; Panse et al.,2004; 

Zhou et al.,2004; Makhnevych et 

al.,2009 

YOL109W 

ZEO1 12587 

Hannich et al.,2005; Makhnevych et 

al.,2009 

YOR028C 

CIN5 32987 

Dension et al.,2004; Wohlschlegel et 

al.,2004; Makhnevych et al.,2009 

YOR120W 

GCY1 35080 

Dension et al.,2004; Makhnevych et 

al.,2009 

YOR185C 

GSP2 24988 

Wohlschlegel et al.,2004; 

Makhnevych et al.,2009 

YOR189W 

IES4 13086 

Dension et al.,2004; Wohlschlegel et 

al.,2004; Makhnevych et al.,2009 

YOR251C 

TUM1 34213 

Hannich et al.,2005; Makhnevych et 

al.,2009 

YOR293W 

RPS10A 12741 

Wohlschlegel et al.,2004; 

Makhnevych et al.,2009 

YOR295W 

UAF30 25971 

Dension et al.,2004; Wohlschlegel et 

al.,2004; Makhnevych et al.,2009 

YOR312C 

RPL20B 20457 

Dension et al.,2004; Makhnevych et 

al.,2009 

YOR344C 

TYE7 32674 

Dension et al.,2004; Wohlschlegel et 

al.,2004; Makhnevych et al.,2009 

YPL129W 

TAF14 27431 

Dension et al.,2004; Wohlschlegel et 

al.,2004; Panse et al.,2004; 

Makhnevych et al.,2009 

YPL273W 

SAM4 36658 

Wohlschlegel et al.,2004; 

Makhnevych et al.,2009 
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YER062C GPP2 27809 

Makhnevych et al.,2009; Srikumar et 

al.,2013 

YDL059C RAD59 26634  Srikumar et al.,2013 

YER142C MAG1 34335  Srikumar et al.,2013 

YGL175C SAE2 40094  Srikumar et al.,2013 

YJR043C POL32 40314  Srikumar et al.,2013 

YKL114C APN1 41442  Srikumar et al.,2013 

YML060W OGG1 42789  Srikumar et al.,2013 

YBR010W HHT1 15378  Srikumar et al.,2013 

YML095C RAD10 24314  Srikumar et al.,2013 

YNL031C HHT2 15378  Srikumar et al.,2013 

YFR031C-

A RPL2A 27437  Srikumar et al.,2013 

YIR034C LYS1 41473  Srikumar et al.,2013 
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Figure 4-7. Scs2 is required for mitotic SUMOylation events at the NE. A) α-

factor arrest-release assays were carried out as described in Fig. 4-3 on WT and 

scs2Δ cells. Cell lysates were analyzed by western blotting to detect SUMO 

conjugate profiles, Clb2, and the Gsp1 load control. Molecular mass markers are 

shown in kDa. Blue arrowheads highlight four prominent SUMOylated species in 

the 40-55 kDa range that arise in mitosis. B) Anti-SUMO immunofluorescence 

analysis of WT and scs2Δ mitotic cells. Imaging and quantification of the nuclear 

distribution of SUMO in mitotic cells (n = 25) was performed as in Fig. 4-1. 

Arrowheads highlight SUMO along the NE. Quantification of lines scans were 

obtained at the same time as data shown in Fig. 4-1, with the WT data shown here 

for comparison. Error bars - SD. Bar – 2 µm. Experiments were performed by C. 

Ptak and N.O. Saik. Figures were constructed by C. Ptak and N.O. Saik. 
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The loss of Scs2 (scs2Δ), however, prevented the accumulation of all four 

Siz2-dependent mitotic SUMOylation species (Fig. 4-7). This suggested that Scs2 

may function to direct Siz2-dependent mitotic SUMOylation events. Because Scs2 

functions as a receptor at the ER for multiple cytoplasmic proteins (Stefan et al.,  

2011; Christopher J.R. Loewen et al.,  2014; Manford et al.,  2012; Encinar del 

Dedo et al.,  2017; Ng, Ng, and Zhang 2020), we postulated that Scs2 could function 

as a receptor for Siz2 at the NE during mitosis. Consistent with Scs2 functioning as 

a receptor for Siz2, Siz2 no longer localized to the NE during mitosis in cells 

lacking Scs2 (Fig.4-8A), despite being phosphorylated (Fig. 4-8B). Removing the 

transmembrane domain of Scs2 (scs21-225) results in the nuclear accumulation of 

Scs2 (Christopher J.R. Loewen et al.,  2007; J. H. Brickner and Walter 2004), and 

also prevents Siz2 accumulation at the NE during mitosis (Fig. 4-8C). Furthermore, 

physical interactions between Scs2 and Siz2 were detected by 

immunoprecipitation. These interactions were dependent on Siz2 localization to the 

NE, as siz2S522A interactions with Scs2 were significantly reduced (Fig. 4-8D).  

VAP family proteins, such as Scs2, bind to FFAT (two phenylalanines in 

an acidic tract) motifs in interacting partners through their N-terminal MSP (major 

sperm protein) domain (Christopher J.R. Loewen, Roy, and Levine 2003; 

Christopher J.R. Loewen and Levine 2005; Kaiser et al.,  2005). To investigate 

whether Scs2 interactions with Siz2 were dependent on a MSP:FFAT interaction, 

we disrupted the MSP domain of Scs2 (previously identified scs2K84D/L86D mutant; 

Kaiser et al.,2005)) and a predicted FFAT motif (Fig. 4-9A) in Siz2 (siz2A569D 

mutant) and investigated the consequences on Siz2 mitotic NE-localization and 
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SUMOylation. Both the scs2K84D/L86D and siz2A569D mutations inhibited mitosis-

specific localization of Siz2 to the NE (Fig. 4-9D,E), independently of the mitotic 

phosphorylation of Siz2. Consistent with the loss of Siz2 NE-localization, 

scs2K84D/L86D and siz2A569D mutations also prevented the accumulation of Siz2-

directed SUMOylation events during mitosis (Fig. 4-9B,C). Furthermore, 

interactions between Siz2 and scs2K84D/L86D were reduced as determined by 

immunoprecipitation analysis (Fig. 4-9F). Collectively, these data support the 

conclusion that Scs2 functions as a receptor for Siz2, through its MSP domain, to 

facilitate Siz2-directed mitotic SUMOylation events.  

To function as a receptor for Siz2 during mitosis, Scs2 would presumably 

need access to the INM. The INM localization of Scs2, however, has not been 

described. To assess whether Scs2 can access the INM, we utilized a split 

superfolder GFP assay previously used to characterize the INM proteome (Smoyer 

et al.,  2016). In this assay, a target protein is fused to GFP1-10. If the target and a 

GFP11-reporter reside in the same subcellular compartment, the two GFP fragments 

can assemble and fluoresce. GFP1-10-Scs2 associated with the cytoplasmic GFP11-

Hxk1 reporter, allowing the visualization of Scs2 at the ER/ONM (Fig. 4-10A). At 

the same time, GFP1-10-Scs2, also associated with the nuclear GFP11-Pus1 reporter, 

allows the visualization of Scs2 at the INM (Fig. 4-10A). Using this assay, we could 

also detect scs2K84D/L86D-GFP1-10 at the INM (Fig. 4-10B). These data indicate Scs2 

could function as a receptor for Siz2 at the INM.  
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Figure 4-8. Scs2 is required for the mitotic enrichment of Siz2 at the NE. A) 

Representative epifluorescence images of mitotic WT and scs2Δ cells producing 

GFP-Siz2. Sur4-mCherry is a NE/ER marker. Arrowheads highlight GFP-Siz2 at 

the NE. Imaging and quantification of the nuclear distribution of GFP-Siz2 in 

mitotic cells (n = 25) was performed as described in Fig. 4-4. Quantification of lines 

scans were obtained at the same time as data shown in Fig. 4-4, with the WT data 

shown here for comparison. Error bars - SD. Bar – 2 µm. B) α-factor arrest-release 

assays were carried out as in Fig. 4-3 on WT and scs2Δ cells producing Siz2-V53. 

Cell lysates were analyzed by western blotting to detect Siz2-V53, Clb2, and the 

Gsp1 load control. Molecular mass markers are shown in kDa. Dots highlight 

mitotically phosphorylated Siz2-V53. C) Epifluorescence images of a mitotic cell 

producing GFP-Siz2 and scs21-225-mCherry. Bar – 2 µm. D) Scs2-TAP was affinity-

purified from strains (IP) producing either Siz2-V53 or siz2S522A-V53. Bound 

proteins were eluted using a Mg2+ step gradient. Equivalent portions of the 

indicated fractions were analyzed by western blotting (WB) to assess levels of V5- 

and TAP-tagged fusions. Load, Elution, or Bound fractions were derived from the 

same western blot. Experiments in panel A and B were performed by C. Ptak. 

Experiments in panel C were performed by A. Premashankar and C. Ptak. 

Experiments in panel D were performed by N.O. Saik. Figures were constructed by 

C. Ptak and N.O. Saik. 
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Figure 4-9. Interactions between Scs2 and Siz2 are regulated through 

MSP:FFAT interactions. A) The position, sequence, and score (Murphy and 

Levine 2016) of putative Siz2 FFAT-like motifs are shown. An optimal FFAT 

sequence is shown for comparison. B, C) α-factor arrest-release assays on the 

indicated strains were carried out as described in Fig. 4-3. Cell lysates were 

analyzed by western blotting to detect SUMO conjugates, siz2-V53 derivatives, 

Clb2, and the Gsp1 load control. Dots highlight mitotically phosphorylated siz2-

V53. Blue arrowheads highlight four prominent SUMOylated species in the 40-55 

kDa range that arise in mitosis. Molecular mass markers are shown in kDa. D, E) 

Nuclear distribution of GFP-Siz2 or GFP-siz2A569D relative to the NE/ER marker 

Sur-mCherry was performed on mitotic cells (n=25) of indicated strains as 

described in Fig. 4-4. Quantification of line scans were obtained at the same time 

as data shown in Fig. 4-4. Bar – 2 µm. F) Scs2-TAP or scs2K84D/L86D-TAP were 

affinity-purified from cells (IP) producing Siz2-V53. Bound proteins were eluted 

using a Mg2+ step gradient. Equivalent portions of the indicated fractions were 

analyzed by western blotting (WB) to assess levels of the V5- and TAP-tagged 

fusions. Load, Elution, or Bound fractions shown were derived from the same 

western blot. Experiments were performed at the same time as data shown in Fig. 

4-8, with WT data shown here for comparison. Experiments in panel A - E were 

performed by C. Ptak. Experiments in panel F were performed by N.O. Saik. 

Figures were constructed by C. Ptak and N.O. Saik. 
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Figure 4-10. Scs2 is localized to the INM. A) A split-superfolder GFP system was 

used to assess Scs2 localization. Epifluorescence images of WT cells containing 

GFP1-10-Scs2 and plasmid-encoded GFP11-mCherry-Hxk1(cytoplasmic) or GFP11-

mCherry-Pus1 (nuclear) are shown. Localization of the reporter (mCherry) and 

assembled GFP1-10GFP11 (GFP) in representative G1-, S-, and M-phase cells are 

shown. B) The INM association of the scs2 MSP domain mutant (scs2K84D/L86D) 

was assessed using the split-superfolder GFP system in cells producing GFP1-10-

scs2K84D/L86D and the plasmid-encoded GFP11-mCherry-Pus1 reporter. Bar – 2 µm. 

Experiments were performed by A. Premashankar and C. Ptak. Figures were 

constructed by C. Ptak and N.O. Saik. 
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4.2.5 Scs2 is a mitotic SUMOylation target of Siz2.  

Scs2 was previously identified as a ~55 kDa SUMOylation species 

(Felberbaum et al.,  2011), which is consistent with the size of the most prominent 

Siz2-dependent mitotic SUMOylation species. Eliminating the previously 

identified Scs2 SUMO acceptor site, K180 (Felberbaum et al.,  2011) abolished the 

accumulation of the Siz2-dependent 55 kDa mitotic SUMO-conjugate (Fig. 4-

11A,B). Western blot analysis in synchronized ulp1K352E mutant cells, which was 

previously shown to increase the cellular levels of SUMOylated Scs2 (Felberbaum 

et al.,  2011), revealed increased levels of the mitotic 55kDa SUMOylation species 

(Fig. 4-11C). A ULP1 allele bearing an additional mutation (ulp1K352E/Y583H-V53) 

showed further elevated levels of the 55 kDa SUMO species (Fig. 4-11C). These 

results are consistent with SUMOylated Scs2 being the 55kDa mitotic 

SUMOylation species. Furthermore, the 55kDA mitotic SUMO species was absent 

in cells producing an endogenously tagged Scs2 (HA3-Scs2 or Scs2-V53) in the 

ulp1K352E/Y583H mutant, with a SUMOylation species of higher molecular weight, 

consistent with the predicted size of tagged Scs2, appearing in these cells. 

Eliminating the Scs2 SUMO acceptor site in these backgrounds eliminated these 

SUMOylated Scs2 species. As only the ~55 kDa SUMOylation species was altered 

by tagging Scs2, it is unlikely that the other mitotic SUMOylation species within 

the 40-55 kDa range were proteolytic fragments of Scs2-SUMO (Fig. 4-11D), and 

these mitotic SUMOylation events thus represent distinct mitotic SUMOylation 

targets.  
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Figure 4-11. Scs2 is a mitotic SUMOylation target of Siz2. A, C, D) α-factor 

arrest-release assays were carried out as described in Fig. 4-3. Cell lysates from the 

indicated strains, at the times shown after release, were analyzed by western 

blotting to detect SUMO conjugates, Clb2, and the Gsp1 load control (A, C, D), as 

well as the V53 and HA3 tags (D) as specified to the right of the blot. The form of 

Scs2 produced in the cells is indicated above the lane, in panel D. Red arrowheads 

point to SUMOylated Scs2 or SUMOylated tagged Scs2. Blue arrowheads 

highlight the other three prominent SUMOylated species in the 40-55 kDa range 

that arise in mitosis. Molecular mass markers are shown in kDa. B) Anti-SUMO 

immunofluorescence analysis of mitotic cells in the indicated strain. Imaging and 

quantification of the nuclear distribution of SUMO in mitotic cells (n = 25) was 

performed as described in Fig. 4-1. Quantification of line scans were obtained at 

the same time as data shown in Fig. 4-1. Error bars-SD. Bar- 2 µm. Experiments 

were performed by C. Ptak and N.O. Saik. Figures were constructed by C. Ptak and 

N.O. Saik. 
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4.2.6 SUMO:SIM interactions enhance the mitotic enrichment of Siz2 at the 

NE. 

SUMO:SIM interactions facilitate physical interactions between proteins 

(Jentsch and Psakhye 2013). Because Scs2 is SUMOylated and Siz2 contains two 

SIM motifs (Psakhye and Jentsch 2012), we investigated whether a SUMO:SIM 

interaction may stabilize Siz2 and Scs2 interactions. In support of this, we observed 

a reduction in Siz2 recruitment to the NE when the SUMOylation of Scs2 was 

prevented (scs2K180R), despite Siz2 still being mitotically phosphorylated (Fig. 4-

12A, B). Consistent with loss of Siz2 enrichment at the NE was a decrease in Siz2-

dependent mitotic SUMOylation events in scs2K180R mutant cells (Fig. 4-11A). 

Preventing the SUMOylation of Scs2 (scs2K180R) did not alter the INM localization 

of Scs2 (Fig. 4-12C). Furthermore, Siz2 and scs2K180R interactions were reduced as 

determined by immunoprecipitation analysis (Fig. 4-12D).  

To investigate whether the SUMOylation of Scs2 contributed to the 

localization of Siz2 to the NE through a SUMO:SIM interaction, we next examined 

whether the SIM motifs of Siz2 functioned in Siz2 localization. Mutations in neither 

the SIM1 (siz2I472/473A) or SIM2 (siz2V720/721A) motifs of Siz2 altered Siz2 mitotic 

phosphorylation. The SIM1 mutant, but not the SIM2 mutant, however, caused a 

visible reduction in NE-association of Siz2 and the SUMOylation of Scs2 and other 

mitotic targets (Fig. 4-13A,-D). The mitotic SUMOylation defect of the SIM1 

mutant, but not siz2 localization, was restored when ulp1 was mutated to increase 

Scs2 SUMOylation (ulp1K352E/Y583H-V53; Fig. 4-13E,F), consistent with a  
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Figure 4-12. SUMOylation of Scs2 is required for the mitotic enrichment of 

Siz2 to the INM. A) α-factor arrest-release assays were carried out as described in 

Fig. 4-3 on indicated strains producing Siz2-V53. Cell lysates were analyzed by 

western blotting to detect Siz2-V53, Clb2, and the Gsp1 load control. Molecular 

mass markers are shown in kDa. Dot highlights mitotically phosphorylated Siz2-

V53. B) Epifluorescence images of mitotic cells producing GFP-Siz2 in the 

indicated strains. Sur4-mCherry is a NE/ER marker. For quantification of the GFP-

Siz2 nuclear distribution in mitotic scs2K180R cells (n=25) a line was drawn starting 

at a point along the NE adjacent to the nucleolus as exemplified by the red arrow. 

Quantification of line scans were obtained at the same time as data shown in Fig. 

4-4, with WT data shown here for comparison. Error bars - SD. Bar – 2 µm. C) The 

INM association of the scs2 SUMO site mutation (scs2K180R) was assessed using 

the split-superfolder GFP system in cells producing GFP1-10-scs2K180R and the 

plasmid-encoded GFP11-mCherry-Pus1 reporter, as described in Fig. 4-10. Bar- 2 

µm. D) Scs2-TAP or scs2K180R-TAP were affinity-purified from cells (IP) 

producing Siz2-V53. Bound proteins were eluted using a Mg2+ step gradient. 

Equivalent portions of the indicated fractions were analyzed by western blotting 

(WB) to assess levels of the V5- and TAP-tagged fusions. Load, Elution, or Bound 

fractions shown were derived from the same western blot. Experiments were 

performed in parallel with those shown in Fig. 4-8 and 4-9. Experiments in panel 

A and B were performed by C. Ptak. Experiments in panel C were performed by A. 

Premashankar and C. Ptak. Experiments in panel D were performed by N.O. Saik. 

Figures were constructed by C. Ptak and N.O. Saik. 
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Figure 4-13. Interactions with SUMOylated targets at the INM enhances the 

mitotic enrichment of Siz2 to the INM. A, B, E) α-factor arrest-release assays on 

the indicated strains were carried out as described in Fig. 4-3. Cell lysates were 

analyzed by western blotting to detect SUMO conjugates, siz2-V53 derivatives, 

Clb2, and the Gsp1 load control. Dot highlights mitotically phosphorylated siz2-

V53. Red arrowhead highlights SUMOylated Scs2. Blue arrowheads highlight the 

other three prominent SUMOylated species in the 40-55 kDa range that arise in 

mitosis. Molecular mass markers are shown in kDa. C, D, F) Epifluorescence 

images of mitotic cells producing GFP-siz2 I472/473A or GFP-siz2V720/721A in the 

indicated strains are shown. Sur4-mCherry is a NE/ER marker. Imaging and 

quantification of the nuclear distribution of GFP-siz2 derivatives in mitotic cells (n 

= 25) was performed as in Fig. 4-4. For quantification of GFP-siz2I472/473A the 

nuclear distribution line was drawn starting at a point along the NE adjacent to the 

nucleolus as, exemplified by the red arrow. Error bars - SD. Bar – 2 µm. G) Scs2-

TAP was affinity-purified from cells (IP) producing Siz2-V53 or siz2I472/473A-V53. 

Bound proteins were eluted using a Mg2+ step gradient. Equivalent portions of the 

indicated fractions were analyzed by western blotting (WB) to assess levels of the 

V5- and TAP-tagged fusions. Load, Elution, or Bound fractions shown were 

derived from the same western blot. Experiments were performed at the same time 

as data shown in Fig. 4-12, with the WT data shown here for comparison. 

Experiments were performed in parallel with those shown in Fig. 4-8 and 4-9. 

Experiments in panel A -F were performed by C. Ptak. Experiments in panel G 

were performed by N.O. Saik. Figures were constructed by C. Ptak and N.O. Saik. 
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weak NE-association of Siz2 and not the loss of Siz2 SUMO ligase activity. 

Furthermore, decreased interactions were observed between Scs2 and Siz2 when 

the Siz2 SIM1 motif (siz2I472/473A) was abrogated (Fig. 4-13G). These results 

demonstrate that the SIM1 motif of Siz2 contributes to Siz2 NE localization and 

Siz2-mediated SUMOylation during mitosis. Cumulatively these data suggest 

interactions between Scs2 and Siz2 established by phosphorylation and FFAT:MSP 

motifs are enhanced by SUMO:SIM interactions between Scs2 and Siz2.  

4.2.7 Siz2-dependent SUMOylation events at the NE during mitosis re-

establish chromatin-NE interactions.  

Siz2 enrichment at the INM is initiated during the transition from metaphase 

to anaphase. During this time, sister chromosomes are segregated to daughter 

nuclei, and specific chromatin-NE interactions are proposed to be re-established in 

these nuclei (Hediger et al.,  2002; Ebrahimi and Donaldson 2008; Donna Garvey 

Brickner and Brickner 2010). Therefore, we investigated whether Scs2-Siz2 

mediated SUMOylation at the INM facilitates the re-establishment of NE-

chromatin interactions during mitosis.  

We have previously shown that Siz2 and Siz2-mediated SUMOylation 

events are necessary for NPC localization of the induced INO1 locus (Saik et 

al.,2020; Chapter 3). Additionally, relocalization of the active INO1 locus to the 

NPCs occurs during M-phase (Donna Garvey Brickner and Brickner 2010). 

Therefore, we postulated that Siz2 mitotic enrichment at the NE and corresponding 

mitotic SUMOylation  
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Figure 4-14. Siz2-mediated mitotic SUMOylation events are required for the 

NPC association of INO1 following induction. NE localization of the activated 

INO1 locus was examined using epifluorescence imaging. The graphs show the 

percentage of total GFP-lacI/INO1-LacO256 foci that colocalize with NE localized 

Nup49-mRFP. For each indicated strain, three biological replicates were assessed. 

Cell cycle stage was determined using bud size, and nuclear morphology. n = 50 

cells per replicate/cell cycle stage. Error bars - SD. Asterisks - significant change 

relative to WT using a two-tailed student’s t-test. *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 

0.001. 
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events might facilitate these interactions. Examination of the subcellular 

localization of activated INO1 throughout the cell cycle revealed an enrichment of 

the INO1 locus to NPCs during M- and G1-phase (~50-55% of cells), but not S-

phase. In siz2S522A and scs2K180R mutant cells, the activated INO1 locus did not show 

increased localization to the NPCs during M- and G1-phase (Fig. 4-14). These 

observations suggest that the Scs2-Siz2 complex promotes SUMOylation events at 

the NE, which directs the establishment of INO1-NPC interactions during mitosis. 

To expand our analysis, we investigated whether Scs2-Siz2 mediated 

SUMOylation at the INM functioned in establishing the association of other forms 

of chromatin with the NE during mitosis. Because Siz2 and Siz2-mediated 

SUMOylation events have been shown to regulate telomere interactions with the 

NE (Ferreira et al.,  2011), we examined the consequences of altering Siz2-

mediated mitotic SUMOylation events on the nuclear position of telomeres. We 

examined the association of telomeres with the INM using a GFP-labeled telomere 

localization assay (Hediger et al.,  2002). In WT cells, telomeres were detected at 

the NE in ~65-75% of cells in each of the three cell cycle stages examined: 

anaphase/telophase, G1-phase, and S-phase. A loss of Siz2 (siz2Δ) or Scs2 (scs2Δ) 

reduced telomere tethering to the NE at all cell cycle stages (Fig. 4-15). siz2 and 

scs2 point mutants that inhibited Siz2 NE-association and the mitotic SUMOylation 

of NE targets showed decreased telomere tethering to the NE during 

anaphase/telophase. Reduced telomere tethering persisted into G1-phase, except for 

the siz2A569D (FFAT motif) mutation, which showed minor defects. By contrast, in 

the ulp1K352E/Y583H-V53 mutant, where Scs2-SUMO levels are elevated in mitosis   
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Figure 4-15. Siz2 and Scs2 are required for NE-association of telomeres during 

M- and G1-phase. Tethering of Tel14L to the NE was examined using 

epifluorescence imaging for the indicated strains. The percentage of the total 

number of GFP-lacI/Tel14L-LacO256 foci examined that overlapped with NE-

associated Sec63-GFP signal was determined for at least three biological replicates 

for the indicated cell cycle stage. Telomere localization for G1 and S-phase nuclei 

was assessed by measuring the distance between the GFP loci to the NE marker 

and assigning the foci to one of three concentric nucleoplasmic zones of equal 

volume. Telomere loci were determined to be associated with the NE when the 

GFP-lacI signal fully or partially overlapped with Sec63-GFP for mitotic nuclei.  n 

= 50 cells per replicate/cell cycle stage. Error bars - SD. Asterisks - significant 

change relative to WT using a two-tailed student’s t-test.  *p ≤ 0.05, **p ≤ 0.01, 

***p ≤ 0.001. 
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Figure 4-16. Siz2-mediated mitotic SUMOylation events are required for NE-

association of telomeres during M- and G1-phase. A) Tethering of Tel14L to the 

NE was examined using epifluorescence imaging for the indicated strains. The 

percentage of the total number of GFP-lacI/Tel14L-LacO256 foci examined that 

overlapped with NE-associated Sec63-GFP signal was determined for at least three 

biological replicates for the indicated cell cycle stage as described in Fig. 4-15. n = 

50 cells per replicate/cell cycle stage. Error bars - SD. Asterisks - significant change 

relative to WT using a two-tailed student’s t-test. *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 

0.001. Quantification of telomere localization was performed at the same time as 

data shown in Fig. 4-15, with WT data shown here for comparison. B) Tethering of 

Tel14L to the NE was examined using epifluorescence imaging for the indicated 

strains. The percentage of the total number of GFP-lacI/Tel14L-LacO256 foci 

examined that overlapped with NE-associated Sec63-GFP signal was determined 

for at least three biological replicates for the indicated cell cycle stage. Telomere 

loci were determined to be associated with the NE when the GFP-lacI signal fully 

or partially overlapped with Sec63-GFP. Cell cycle stage was assessed by bud size 

and nuclear morphology. n = 50 cells per replicate/cell cycle stage. Error bars - SD. 

Asterisks - significant change relative to WT using a two-tailed student’s t-test.  *p 

≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001. 
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and into G1-phase, telomere tethering to the NE was normal in M-phase and 

increased in G1-phase cells. By S-phase, the NE association of telomeres in the 

siz2, scs2, and ulp1 point mutants were largely normal. In the case of scs2K180R 

(SUMO site mutation), telomere tethering in S-phase was increased compared to 

tethering in the G1-phase (Fig. 4-16A,B). These data show that the Scs2-Siz2 

complex re-establishes numerous chromatin-NE interactions during mitosis. 

4.2.8 Siz2-mediated SUMOylation of Sir4 regulates mitotic tethering of 

telomeres to the NE.  

We have previously shown that Siz2 binds to the INO1 locus to facilitate 

relocalization to the nuclear periphery (Saik et al.,2020; Chapter 3).  Therefore, we 

investigated whether telomere tethering to the INM was facilitated by the binding 

of Siz2 to these regions. Siz2-V53 and siz2S522A-V53 association with subtelomeric 

chromatin was investigated using ChIP analysis. We did not observe an enrichment 

of Siz2-V53 or siz2S522A-V53 at subtelomeric chromatin (Fig. 4-17), suggesting 

Siz2-mediated SUMOylation events were facilitating telomere tethering to the INM 

during mitosis.  

Factors contributing to telomere association with the INM during mitosis 

are unknown. Various mechanisms, however, have been described for telomere and 

subtelomeric chromatin tethering to the INM during other cell cycle stages. Sir4 

and the yKu70/80 complex, for example, functions to tether telomeres to the NE in 

G1- and S-phase (Taddei and Gasser 2012; Kupiec 2014). Sir4 and yKu80 are   
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Figure 4-17. Siz2 does not interact with subtelomeric chromatin. Cells 

producing Siz2-V53 or siz2S522A-V53 were collected and subjected to ChIP analysis 

using antibodies directed against V5. Occupancy of Siz2-V53 and siz2S522A-V53 at 

subtelomeric chromatin relative to a non-subtelomeric region was examined by 

qPCR using primer pairs that amplify regions for the distances indicated from 

Tel6R. Data represents 3 biological replicates. Error bars- SEM.  
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Figure 4-18. Sir4 is required for telomere tethering during M-phase. Tethering 

of Tel14L to the NE was examined using epifluorescence imaging for the indicated 

strains. The percentage of the total number of GFP-lacI/Tel14L-LacO256 foci 

examined that overlapped with NE-associated Sec63-GFP signal was determined 

for at least three biological replicates for the indicated cell cycle stage as described 

in Fig. 4-15. n = 50 cells per replicate/cell cycle stage. Error bars - SD. Asterisks - 

significant change relative to WT using a two-tailed student’s t-test.  *p ≤ 0.05, **p 

≤ 0.01, ***p ≤ 0.001. 
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SUMOylated by Siz2, with previous studies suggesting that Siz2-mediated 

SUMOylation directs Sir4, but not yKu80, dependent telomere tethering during G1 

(Ferreira et al.,  2011). Similarly, we find that Sir4, but not yKu70/80, plays a 

significant role in M-phase telomere tethering (Fig. 4-18).  

To investigate whether Sir4 SUMOylation was dependent on the 

enrichment of Siz2 at the NE during mitosis, we examined purified His8-SUMO 

conjugates isolated from strains producing Sir4-V53. We found that when Scs2-

Siz2 dependent mitotic SUMOylation was inhibited (siz2S522A, scs2K180R, or 

scs2K84D/L86D mutants), Sir4 SUMOylation was reduced in comparison to WT cells 

(Fig. 4-19A). By contrast, when Scs2-Siz2 dependent mitotic SUMOylation was 

enhanced (ulp1K352E/Y583H-V53), cells showed increased Sir4 SUMOylation (Fig. 4-

19B). A mutant that eliminated a SUMO acceptor site within the PAD domain of 

Sir4 (sir4K1037R), a region necessary for Sir4 G1-phase telomere tethering activity 

(Andrulis et al.,2002; Taddei et al.,2004; Fig. 4-19C), caused a decrease in Sir4 

SUMOylation. The SUMOylation of the sir4K1037R mutant was comparable to 

mutants that inhibit Scs2-Siz2 dependent mitotic SUMOylation (Fig. 4-19). NE 

tethering of telomeres in sir4K1037R mutant cells also showed telomere tethering 

defects specific to M- and G1-phases (Fig. 4-20A), similar to those observed when 

Siz2 mitotic enrichment at the NE was inhibited. These results suggest that the 

Scs2-Siz2 complex directs the SUMOylation of Sir4 to facilitate telomere tethering 

to the NE in mitosis and into the subsequent G1-phase. NPC localization of 

activated INO1 was unaltered in sir4K1037R mutant cells (Fig. 4-20B), indicating that  
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Figure 4-19. Mitotic enrichment of Siz2 to the NE facilitates the SUMOylation 

of Sir4. His8-SUMO-conjugates were affinity-purified from the indicated strains 

containing Sir4-V53 (A, B) or the sir4K1037R-V53 SUMO site mutant (C). Levels of 

Sir4 and sir4K1037R in the cell lysates (L), and Sir4-V53-SUMO and sir4K1037R-V53-

SUMO in eluates (E) were examined by anti-V5 western blotting. 
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Figure 4-20. Siz2-mediated SUMOylation of Sir4 regulates telomere tethering 

to the NE. A) Tethering of Tel14L to the NE was examined using epifluorescence 

imaging for the indicated strains. The percentage of the total number of GFP-

lacI/Tel14L-LacO256 foci examined that overlapped with NE-associated Sec63-

GFP signal was determined for at least three biological replicates for the indicated 

cell cycle stage as described in Fig. 4-15. n = 50 cells per replicate/cell cycle stage. 

Error bars - SD. Asterisks - significant change relative to WT using a two-tailed 

student’s t-test. ***p ≤ 0.001. Quantification of telomere localization was 

performed at the same time as data shown in Fig. 4-15, with WT data shown here 

for comparison. B) Tethering of the INO1 locus to the NE was examined using 

epifluorescence imaging for the indicated strains. The percentage of the total 

number of lacI/INO1-lacO256 foci that overlapped with the NE-associated Nup49-

mRFP was determined for at least three biological replicates for the indicated cell 

cycle stage as described in Fig. 4-14. Quantification of INO1 localization was 

performed at the same time as data shown in Fig. 4-14, with the WT data shown 

here for comparison. n = 50 cells per replicate/cell cycle stage. Error bars - SD. 
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the Scs2-Siz2 complex regulates different types of NE-chromatin interactions in 

mitosis by independent mechanisms. 

4.2.9 Siz2-mediated SUMOylation of Sir4 stabilizes Sir4 association with 

subtelomeric chromatin during mitosis. 

Cells lacking Siz2 showed no defect in the INM association or the number 

of Sir4-GFP foci. Similarly, the sir4K1037R mutant did not show any distinguishable 

differences in NE-association (Fig. 4-21). These data indicate that the telomere 

tethering defects associated with the Siz2-directed SUMOylation of Sir4 were not 

due to a mislocalization of Sir4 to the NE. Therefore, we postulated that the 

SUMOylation of Sir4 facilitated telomere tethering by mediating Sir4 association 

with subtelomeric chromatin. We investigated Sir4 association with subtelomeric 

chromatin using ChIP analysis. Similar to previous studies (Van De Vosse et al.,  

2013; Moradi-Fard et al.,  2016), WT cells showed the highest enrichment of Sir4-

V53 bound near Tel6R (0.5 kb), followed by a progressive decrease in association 

with increasing distance from the telomere. Cells lacking Siz2 showed a significant 

reduction in Sir4 enrichment in regions adjacent to Tel6R (Fig. 4-22A). Consistent 

with Siz2-dependent mitotic telomere tethering requiring Sir4, but not yKu70/80, a 

loss of Siz2 did not alter enrichment of yKu70 or yKu80 at regions adjacent to 

Tel6R (Fig. 4-22B, C). In siz2 and scs2 mutant cells defective in mitotic 

SUMOylation, Sir4 enrichment was significantly reduced in all regions adjacent to 

Tel6R (Fig. 4-23A). The sir4K1037R mutant protein also showed a significantly 

reduced enrichment in all regions adjacent to Tel6R (Fig. 4-23B). These 

observations are consistent with the SUMOylation of Sir4 facilitating its integration 
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into subtelomeric chromatin. No significant difference in Sir4 enrichment at 

telomeres relative to WT cells was observed in ulp1K352E/Y583H-V53 mutant cells 

(Fig. 4-23C); however, these cells showed increased levels of SUMOylated 

proteins at subtelomeric chromatin (Fig. 4-23D). Sir3, an interacting partner of Sir4 

(Moretti et al.,  1994; Kupiec 2014), also showed reduced association with 

subtelomeric chromatin in cells defective in Siz2-dependent mitotic SUMOylation 

(Fig. 4-24). These observations suggest that Siz2-directed SUMOylation of Sir4 

facilitates Sir4 integration into subtelomeric chromatin to establish telomere-NE 

interactions in mitosis.  

To investigate whether Siz2-mediated SUMOylation of Sir4 facilitates the 

mitotic association of Sir4 with subtelomeric chromatin, we examined levels of 

Sir4-V53 bound to subtelomeric chromatin in synchronized cell cultures. In WT 

cells, Sir4 association with subtelomeric chromatin 0.5 kb from Tel6R was ~2-fold 

higher in M- and G1-phase cells compared to S-phase cells. In cells where Sir4 

SUMOylation is reduced (siz2S522A or sir4K1037R mutant), S-phase levels of Sir4 

bound to Tel6R subtelomeric chromatin were similar to WT. Sir4 bound to 

subtelomeric chromatin in these mutant cells; however, showed a significant 

reduction in M- and G1-phase relative to WT cells (Fig. 4-25). These observations 

are consistent with the Scs2-Siz2 complex facilitating telomere tethering by 

directing the assembly of SUMOylated Sir4 into subtelomeric chromatin during 

mitosis. 
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Figure 4-21. NE-association of Sir4 is unaltered by Siz2-mediated 

SUMOylation. A) Epifluorescence images of cells producing Sir4-GFP and the 

NE/ER localized Sur4-mCherry. Bar - 2 µm. B, C) Graphs showing the percentage 

of total Sir4-GFP or sir4K1037R-GFP foci at the NE (left panel) and the average 

number of Sir4-GFP or sir4K1037R-GFP foci per nucleus (right panel) for indicated 

strains at each cell cycle stage. Graphs represent data from at least three biological 

replicates. n=50 cells per replicate/cell cycle stage. Error bars - SD.  
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Figure 4-22. Sir4 association with subtelomeric chromatin requires Siz2. Cells 

producing Sir4-V53 (A) Ku70-Myc13 (B) or Ku80-V53 (C) in the indicated strains 

were collected and subjected to ChIP analysis using antibodies directed against V5 

or Myc. Occupancy of Sir4-V53, Ku70-Myc13, or Ku80-V53 at subtelomeric 

chromatin relative to a non-subtelomeric region was examined by qPCR using 

primer pairs that amplify regions for the indicated distances from Tel6R. Data 

represents 3 biological replicates. Error bars- SEM. Asterisks - significant change 

relative to WT using a two-tailed student’s t-test.  *p ≤ 0.05, **p ≤ 0.01.  
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Figure 4-23. Siz2-mediated mitotic SUMOylation facilitates Sir4 association 

with subtelomeric chromatin. A, B) Cells producing Sir4-V53 or sir4K1037R-V53 

were collected and subjected to ChIP analysis using antibodies directed against V5. 

Occupancy of Sir4-V53 or sir4K1037R-V53 at subtelomeric chromatin was examined 

as described in Fig. 4-22. Data represents 3 biological replicates. Error bars- SEM. 

Asterisks - significant change relative to WT using a two-tailed student’s t-test. *p 

≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001. ChIP analysis in panels A and B were performed 

in parallel, with WT data shown for comparison in both panels. C) Cells producing 

Sir4-PrA were collected and subjected to ChIP analysis using antibodies directed 

against PrA in the indicated strains as described above. D) ChIP analysis using 

antibodies directed against SUMO was performed on indicated strains as described 

above. Error bars- SEM. Asterisks - significant change relative to WT using a two-

tailed student’s t-test. *p ≤ 0.05.  
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Figure 4-24. Siz2-mediated mitotic SUMOylation facilitates Sir3 association 

with subtelomeric chromatin. Cells producing Sir3-V53 were collected and 

subjected to ChIP analysis using antibodies directed against V5 as described in Fig. 

4-22. Error bars- SEM. Data represents at least 3 biological replicates. Asterisks - 

significant change relative to WT using a two-tailed student’s t-test.  *p ≤ 0.05, **p 

≤ 0.01, ***p ≤ 0.001. ChIP analysis in panels A and B were performed in parallel, 

with WT data shown in both panels for comparison. 
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Figure 4-25 Siz2-mediated mitotic SUMOylation re-establishes Sir4 

association with subtelomeric chromatin following S-phase. A) ChIP analysis 

using antibodies directed against V5 was performed using synchronized cultures of 

the indicated strains producing Sir4-V53 or sir4K1037R-V53. Strains were collected 

at various cell cycle stages, including G1-phase (α-factor arrested cells), S-phase 

(30 min post α-factor release), and M-phase (60 min post α-factor release). ChIP 

analysis was performed on a region 0.5 kb from Tel6R. Graphs represent at least 

three biological replicates. Error bars - SEM. Asterisks - significant change relative 

to WT using a two-tailed student’s t-test. *p ≤ 0.05. B) Confirmation of the cell 

cycle stage of cultures used in panel A. Samples at each time point were analyzed 

by FACS to determine DNA content of cells in the population (left). The positions 

of 1n and 2n DNA peaks are shown. Cell lysates harvested at the various time 

points in panel A were also analyzed by western blotting using anti-V5, SUMO, 

Clb2, and Gsp1 (load control) antibodies (right). Red arrowheads point to 

SUMOylated Scs2. Blue arrowheads point to other prominent mitotic SUMO 

conjugates.  Molecular mass markers are shown in kDa. 
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4.2.10 The Scs2-Siz2 complex facilitates the association of subtelomeric 

chromatin to the NE independently of silencing. 

The localization of subtelomeric chromatin to the NE is associated with the 

repression of genes in these regions (Taddei, Schober, and Gasser 2010). We 

examined mutants that altered mitotic Siz2-dependent SUMOylation events and 

telomere tethering for alterations in subtelomeric gene expression. Derepression of 

subtelomeric genes can be evaluated using a cell growth assay. In this assay, 

reporter genes URA3 and ADE2 are inserted in subtelomeric regions adjacent to 

telomeres VII-L (Tel7L) and V-R (Tel5R), respectively (Singer and Gottschling 

1994). Under normal conditions, these genes are suppressed, preventing growth in 

the absence of uracil and adenine. The derepression of these reporter genes in 

subtelomeric chromatin allows growth in the absence of adenine and uracil. The 

derepression of these genes will also prevent growth in the presence of 5-FOA, as 

the production of uracil renders the cells sensitive to 5-FOA (Aparicio, Billington, 

and Gottschling 1991). Consistent with the repression of subtelomeric genes, WT 

cells grew in the presence of 5-FOA and showed minimal growth on medium 

lacking uracil or adenine. We observed growth of sir3Δ mutant cells on medium 

lacking uracil and adenine and observed a loss of growth in the presence of 5-FOA, 

consistent with the derepression of subtelomeric genes in cells lacking Sir3. 

Examination of mutants which decreased (siz2Δ, scs2Δ, siz2S522A, scs2K180R) Siz2-

dependent mitotic SUMOylation and M-/G1-phase telomere tethering did not show 

an obvious difference in growth relative to WT cells (Fig. 4-26A). ulp1K352E/Y583H-

V53 cells, which have increase Siz2-dependen mitotic SUMOylation slight 
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differences in growth relative to WT (Fig. 4-26A). To quantify differences in 

subtelomeric gene expression we analyzed a subset of subtelomeric genes by RT-

qPCR. Analysis of a subset of subtelomeric genes by RT-qPCR also allowed us to 

investigate changes in subtelomeric gene expression that the growth assay may not 

have been sensitive enough to detect. Differences in gene expression could be 

detected for the subset of subtelomeric genes investigated in the various mutant 

backgrounds (Fig. 4-26B), however gene expression of subtelomeric genes assayed 

were largely unchanged relative to WT cells. Together these data suggest that the 

Scs2-Siz2 complex regulates telomere association with the NE independently of 

regulating subtelomeric gene expression.  

4.2.11 Siz2-dependent SUMOylation events regulate the transcription of 

transposons. 

To investigate whether Siz2-dependent SUMOylation events at the INM 

during mitosis functioned to regulate chromatin beyond facilitating NE-chromatin 

interactions, we performed RNA Seq on siz2S522A/S527A-V53 mutant cells. Consistent 

with our previous observations, a loss of Siz2-dependent SUMOylation events at 

the INM did not derepress subtelomeric genes (Fig. 4-26). Instead, a significant 

proportion of derepressed genes (~1/3) in siz2S522A/S527A-V53 mutant cells were 

genes involved in Ty1 (*) and Ty2 (**) retrotransposition (Table 4-2). Increased 

Ty1 and Ty2 transcription suggests a role for Siz2 and Siz2-mediated 

SUMOylation in regulating retrotransposition. This may reflect an additional role 

for Siz2 and Siz2-mediated SUMOylation events in regulating chromatin structure.  
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Figure 4-26. Siz2-dependent SUMOylation events do not regulate 

subtelomeric gene expression. A) The indicated mutations were introduced into 

the yeast strain UCC3505, which contains the URA3 and ADE2 genes integrated 

into Tel7L and Tel5R regions respectively. Log-phase cells were grown in non-

selective liquid medium, and an equal number of cells from each culture were 

serially diluted and plated onto SC medium (non-selective), SC medium lacking 

adenine and uracil (selective), and SC medium containing 1mg/mL 5-FOA 

(selective) and incubated for 3 days at 30°C. B) Fold change of mRNA for various 

subtelomeric genes for the indicated mutant cells relative to WT cells as determined 

by RT-qPCR. mRNA levels were normalized to ACT1 and TUB2 mRNA. Graphs 

show data from 3 biological replicates. Error bars- SEM. Asterisks- significant 

change of mRNA levels in mutant cells relative to WT cells for the corresponding 

genes using a paired two-tailed student’s t-test. *p ≤ 0.05, **p≤0.01.  
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Table 4-2. Up-regulated ORFs in asynchronously grown siz2S522/527A cells. 

Gene 
Gene 

Name 

Fold 

Change pFDR 

YLR303W 
MET17 10.08 0.001 

YJL052W 
TDH1 3.343 0.025 

YPR160C-A 
 2.217 0.047 

YBR072W 
HSP26 2.078 0.047 

YOR383C 
FIT3 1.834 0.044 

YJL144W 
ROQ1 1.746 0.048 

YKR093W 
PTR2 1.626 0.039 

YGR254W 
ENO1 1.544 0.046 

YOR382W 
FIT2 1.536 0.047 

YDR261W-A** 
 1.369 0.025 

YNL284C-B* 
 1.211 0.025 

YDR261W-B** 
 1.171 0.004 

YPR158W-B* 
 1.161 0.023 

YNL284C-A* 
 1.159 0.025 

YBR157C 
ICS2 1.071 0.03 

YER037W 
PHM8 1.023 0.049 

YFR035C 
 0.964 0.04 

YKL030W 
 0.922 0.047 

YGL263W 
COS12 0.908 0.026 

YJL045W 
 0.889 0.032 

YOR192C-A** 
 0.844 0.048 

YKL029C 
MAE1 0.837 0.045 

YOR192C-B** 
 0.829 0.048 

YHR214C-C* 
 0.811 0.038 

YHR214C-B* 
 0.786 0.048 
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YAR028W 
 0.745 0.049 

YGR021W 
DPC29 0.738 0.047 

YHR136C 
SPL2 0.662 0.047 

YNL054W-A* 
 0.659 0.048 

YNL054W-B* 
 0.602 0.048 

* Indicates Ty1 genes, ** indicates Ty2 genes  
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Table 4-3. Down-regulated ORFs in asynchronously grown siz2S522/527A cells. 

Gene 
Gene 

Name 

Fold 

Change pFDR 

YLR367W 
RPS22B -0.63 0.027 

YIL011W 
TIR3 -0.64 0.037 

YOL058W 
ARG1 -0.65 0.037 

YGL142C 
GPI10 -0.68 0.029 

YLR038C 
COX12 -0.7 0.051 

YMR062C 
ARG7 -0.7 0.037 

YBR045C 
GIP1 -0.78 0.047 

YJR109C 
CPA2 -0.79 0.007 

YNR050C 
LYS9 -0.82 0.023 

snR80 
SNR80 -0.86 0.029 

YOL126C 
MDH2 -0.87 0.046 

YLR134W 
PDC5 -0.9 0.041 

YHR018C 
ARG4 -0.93 0.029 

YLR264C-A 

YLR264

C-A -1.03 0.047 

YGR286C 
BIO2 -1.08 0.047 

YFR023W 
PES4 -1.19 0.045 

YIL102C 
YIL102C -1.58 0.047 

YBR115C 
LYS2 -9.89 0.001 
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Figure 4-27. A model for Scs2-Siz2 dependent mitotic SUMOylation at the 

INM and its role in chromatin recruitment. A) Early in mitosis, Siz2, telomeres 

and activated INO1 are found within the nucleoplasm. Progression into anaphase is 

accompanied by the phosphorylation of Siz2. Phosphorylation of Siz2 directs the 

enrichment of Siz2 at the INM where it interacts with the integral protein Scs2. B) 

Siz2 phosphorylation facilitates Scs2-Siz2 association through the Scs2 MSP 

domain and an FFAT-like motif in Siz2. These interactions lead to Scs2 

SUMOylation which further stabilizes the Scs2-Siz2 complex through the 

association of Scs2-SUMO and Siz2-SIM interactions. The Scs2-Siz2 SUMO 

ligase complex then directs the SUMOylation of INM-associated proteins, 

including Sir4 and proteins associated with the activated INO1 locus. These 

SUMOylation events facilitate Sir4 association with subtelomeric chromatin and 

activated INO1 with NPCs, re-establishing NE-chromatin interactions at the end of 

mitosis. C) As cells exit mitosis and undergo cytokinesis, dephosphorylation of 

Siz2 and Ulp1-dependent deSUMOylation of Scs2 and other proteins along the 

INM occurs. These events lead to the dissolution of the Scs2-Siz2 complex, while 

telomeres and activated INO1 remain associated with the nuclear periphery.  
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4.3 Discussion 

Post-translation modifications provide rapid and reversible changes to 

proteins allowing them to participate in different functional circuits and regulate 

multiple biological functions in response to specific temporal or environmental 

cues. In this work, we have identified SUMOylation as a spatiotemporal regulatory 

mechanism at the INM that re-establishes NE chromatin interactions in newly 

formed nuclei following mitosis (Fig. 4-14, 4-16, 4-20). We show that these 

SUMOylation events are dependent on the relocalization of the SUMO E3 ligase, 

Siz2, to the INM (Fig. 4-6), where it binds to Scs2 to initiate a mitotic SUMOylation 

wave along the INM (Fig. 4-27).  

Siz2-Scs2 interactions at the INM are mediated through FFAT:MSP domain and 

SIM:SUMO motif interactions. 

We have identified a unique regulatory mechanism that facilitates the 

enrichment of Siz2 at the INM during mitosis. This mechanism involves Scs2 

functioning as a receptor for Siz2 at the INM during mitosis (Fig. 4-8). Scs2 

facilitates various cytoplasmic functions by binding to FFAT-containing proteins 

through its MSP domain (J. H. Brickner and Walter 2004; Manford et al.,  2012; 

Freyre et al.,  2019). We have identified a previously unreported INM localization 

of Scs2 (Fig. 4-10), where the MSP domain of Scs2 can interact with nuclear FFAT 

motif-containing proteins. We have identified Siz2 as a protein containing an 

FFAT-like motif that interacts with the MSP domain of Scs2 at the INM during 

mitosis (Fig. 4-9). Consistent with previous findings, we show that phosphorylation 

near the FFAT-like motif in Siz2 enhances its binding to the MSP domain of Scs2 
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(Goto et al.,  2012; Kumagai, Kawano-Kawada, and Hanada 2014; Weber-Boyvat 

et al.,  2015; Kirmiz et al.,  2018; Di Mattia et al.,  2020). As a result, the mitotic 

phosphorylation of Siz2 regulates a cell cycle specific interaction with the MSP 

domain of Scs2. These observations suggest that Scs2 could interact with other 

nuclear FFAT-containing proteins to facilitate additional nucleoplasmic functions 

during interphase. For example, Scs2 interactions with other FFAT-motif 

containing proteins may facilitate S-phase telomere tethering (Fig. 4-16). 

We also show that Scs2-Siz2 interactions are enhanced by SUMO:SIM 

interactions. To our knowledge, this is the first instance where a SUMO:SIM 

interaction has been shown to reinforce interactions between an FFAT-like motif 

and an MSP-containing binding partner. Interestingly, phosphorylation events near 

a SIM motif generates a PhosphoSIM module which enhances binding to a 

SUMOylated target (Stehmeier and Muller 2009). Therefore, the mitotic 

phosphorylation of Siz2 may enhance the FFAT and SIM motif of Siz2 to facilitate 

the rapid and robust accumulation of Siz2 at the INM during mitosis. Whether 

SUMOylation contributes to the interactions of other VAP family members with 

other FFAT-containing proteins will be of future interest.   

Ulp1 facilitates deSUMOylation of Siz2-Scs2 SUMOylation events following 

mitotic exit. 

Coinciding with a loss of Siz2 at the NE following mitotic exit is the loss of 

SUMOylation conjugates (Fig. 4-3). We show that Ulp1 is responsible for the 

deSUMOylation of the Siz2-mediated SUMOylation events that accumulate at the 
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INM during mitosis (Fig. 4-11). The NPC association of Ulp1 (V. G. Panse et al.,  

2003; Y. Zhao et al.,  2004; Makhnevych et al.,  2007) would position the 

isopeptidase near these SUMOylation targets to facilitate their deSUMOylation 

following mitotic exit. We predict that the enrichment of Siz2 at the NE during 

mitosis allows SUMOylation events to outcompete mitotic deSUMOylation events. 

Following mitotic exit, when Siz2 accumulation at the INM is lost, Ulp1 can 

deSUMOylate the SUMOylation conjugates that accumulated during mitosis. The 

Siz2-dependent SUMOylation wave at the INM during mitosis may also promote 

the assembly of multi-protein complexes (including the Scs2-Siz2 receptor 

complex) that make these targets inaccessible to Ulp1. Furthermore, the ability of 

SUMOylation events to accumulate at the NE during mitosis may also be facilitated 

by the relocalization of Ulp1 to the septin ring during mitosis (Makhnevych et al.,  

2007; Elmore et al.,  2011). The localization of Ulp1 to septins and Siz2 to the INM 

during mitosis suggests a potentially connected regulatory system that coordinates 

Siz2-SUMOylation events to other mitotic regulatory systems. 

We have shown that a ulp1K352E point mutation dramatically increases Scs2 

SUMOylation during mitosis and sustains the SUMOylation of Scs2 into 

subsequent G1-phases (Fig. 4-11). This phenotype is not due to alterations in the 

steady-state or the localization of Ulp1 (Felberbaum et al.,  2011). Furthermore, the 

352 residue is within the coil:coil domain of Ulp1, a region not associated with the 

isopeptidase activity or SUMO binding capabilities of Ulp1 (Mossessova and Lima 

2000; S. J. Li and Hochstrasser 2003; Elmore et al.,  2011). Therefore, we envisage 

that the K352E mutation may alter the ability for Ulp1 to recognize SUMOylated 
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Scs2. This suggests a potentially novel function for the coil:coil domain of Ulp1 in 

target recognition and specificity.  

The compartmentalization of mitotic SUMOylation events at the INM re-

establishes NE-chromatin interactions during mitosis.  

SUMO can function as a scaffold for the binding of proteins containing SIM 

motifs. The high concentration of SUMO-modified proteins at the INM during 

mitosis could establish a two-dimensional binding surface for SIM motif-

containing proteins to promote the formation of various macromolecular 

complexes. The potential for SUMOylation to compartmentalize SIM-containing 

proteins near the INM parallels properties described in mammals for phase-

separated PML bodies and DNA damage in yeast (van Damme et al.,  2010; 

Psakhye and Jentsch 2012; Banani et al.,  2016; Min, Wright, and Shay 2019).  

We have shown that Siz2-directed SUMOylation at the INM during mitosis, 

including the SUMOylation of Sir4 (Fig. 4-19, 4-23, 4-25) functions to re-establish 

NE-chromatin interactions through what we predict is the formation of SUMO:SIM 

protein networks (Fig. 4-14, 4-16). Factors required for Sir4 interactions with 

subtelomeric chromatin such as Nup170 (Van De Vosse et al.,  2013) and 

Rap1(Moretti et al.,  1994; Cockell et al.,  1995; Luo, Vega-Palas, and Grunstein 

2002) have predicted SIM motifs (Q. Zhao et al.,  2014). Rap1 and Nup170 are also 

part of other macromolecule complexes (Rout et al.,  2000; Azad and Tomar 2016; 

Lapetina et al.,  2017), which may mask or prevent their ability to facilitate Sir4 

binding to subtelomeric DNA. SUMO:SIM interactions established during mitosis 
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may ensure that interactions required for re-establishing NE-chromatin 

interactions, can outcompete other interactions at the NE. For example, during 

mitosis SUMOylation may ensure Nup170 and Sir4 interactions are favored over 

the incorporation of Nup170 into NPCs. Once integrated into subtelomeric 

chromatin, SUMOylated Sir4 may then facilitate other SUMO:SIM interactions 

required for telomere tethering. Numerous proteins involved in chromatin-NE 

interactions are SUMOylated or contain SIM motifs (Wohlschlegel et al.,  2004; 

Nathan et al.,  2006; Hang et al.,  2011; Ferreira et al.,  2011; Pasupala et al.,  2012; 

Q. Zhao et al.,  2014; Chymkowitch et al.,  2017; Texari et al.,  2013). Sir3, for 

example, is an interacting partner of Sir4 at subtelomeric chromatin, and contains 

multiple SIM motifs (Zhao et al.,2014). Furthermore, the association of Sir3 with 

subtelomeric chromatin is also regulated by Siz2-mediated SUMOylation at the NE 

(Fig. 4-24). The generation of a SUMO:SIM protein interaction network to re-

establish chromatin interactions during mitosis may represent a conserved 

regulatory system, as it is similar to SUMO:SIM interactions in mammalians which 

are required for the recruitment of lamin A to telophase chromosomes (Moriuchi et 

al.,  2016; Moriuchi and Hirose 2021). A similar enrichment of telomeres to the 

nuclear periphery in human cells following mitosis has also been observed (Crabbe 

et al.,  2012), suggesting another potentially conserved regulatory system. 

The NE recruitment of Siz2 and Siz2-mediated SUMOylation events are 

reversed by G1-phase. However, mutants that disrupt Siz2 NE-localization and 

Siz2-mediated SUMOylation NE during mitosis show defects in NE-chromatin 

interactions in both mitosis and G1-phase (Fig. 4-14, 4-16, 4-20). We interpret this 
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to suggest that SUMO:SIM interactions formed in mitosis enhance protein-protein 

interactions that are maintained into interphase, where these complexes continue to 

support chromatin-NE association. The removal of SUMO modifications may also 

play an important role in regulating NE-chromatin interactions in G1-phase. 

Conditions that delay deSUMOylation of Scs2 (Fig. 4-11) and other chromatin 

associated proteins (Fig. 4-23D) led to increased INM retention of telomeres in G1-

phase (Fig. 4-16). These results suggest that post-mitotic deSUMOylation may 

relax interactions and promote the periodic switching of telomeres between NE-

bound and unbound states observed in interphase cells (Hediger et al.,  2002). There 

are also multiple telomere tethering pathways utilized in G1-phase, including the 

SIR-dependent telomere tethering pathway and the yKu-dependent telomere 

tethering pathway (Taddei et al.,  2004; Taddei and Gasser 2012; Kupiec 2014). 

During mitosis, SUMOylation may establish Sir4-mediated telomere tethering, 

while deSUMOylation of Siz2-mitotic specific targets in G1-phase may relax these 

interactions to allow alternative telomere tethering pathways to be utilized in G1-

phase.  

The Siz2-Scs2 complex is a regulator of chromatin.  

We have shown that SUMOylation events facilitated by the Scs2-Siz2 

complex at the NE during mitosis are essential for re-establishing different NE-

chromatin interactions (Fig. 4-14, 4-15, 4-16). Although Siz2 has been shown to 

bind to chromatin and chromatin-associated proteins (Psakhye and Jentsch 2012; 

Saik et al.,  2020; Cappadocia, Kochańczyk, and Lima 2021), we could not detect 

an enrichment of Siz2 at subtelomeric chromatin (Fig. 4-17). Instead, our data 
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suggests that specific SUMOylation conjugates regulate the re-association of 

chromatin with the NE during mitosis. For telomeres, we have identified Sir4 as a 

target of Siz2-mediated SUMOylation which supports the NE association of 

telomeres (Fig. 4-19, 4-20). Importantly, we show that the SUMOylation of Sir4 

does not facilitate the re-association of the induced INO1 locus to the nuclear 

periphery during mitosis (Fig. 4-20). As such, we envisage that Scs2-Siz2 directs 

the SUMOylation of multiple chromatin-associated proteins to support the binding 

of chromatin to the NE during mitosis. This raises the possibility that Siz2-mediated 

SUMOylation may alter the association of other NE-chromatin interactions, beyond 

those investigated here, during mitosis.  

Despite the loss of telomere tethering association with the NE, mutants 

which alter Siz2-mediated SUMOylation events at the INM during mitosis did not 

show many significant changes to subtelomeric gene expression (Fig. 4-26). These 

results are consistent with previous observations, which show telomere anchoring 

can occur independently of transcriptional repression (Taddei et al.,  2004; Ferreira 

et al.,  2011). Our results are also consistent with observations which show that 

despite the strong enrichment of Sir proteins at telomeric regions, only a small 

subset of subtelomeric genes are repressed by the SIR complex (Ellahi, Thurtle, 

and Rine 2015) and that under normal growth conditions, many subtelomeric genes 

are transcriptionally silenced independently of Sir binding (Fabre et al.,  2005). 

Because specific stress conditions mediate the transcriptional regulation of various 

subtelomeric genes (Ai et al.,  2002; Mak, Pillus, and Ideker 2009), Siz2 enrichment 

at the INM during mitosis may regulate gene expression in response to specific 
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stress conditions. The role of Siz2-mediated SUMOylation events in regulating 

subtelomeric chromatin independent of transcriptional regulation is also consistent 

with our previous observations, which show Siz2 regulates INO1 localization 

independently of expression (Saik et al.,2020; Chapter 3). Consistently, the 

SUMOylation of Scs2 is also not required for INO1 expression (Felberbaum et al.,  

2011). Cumulatively, these data suggest a role for Siz2 in regulating the spatial 

organization of chromatin, independent of gene expression at the NE.  

A potential additional role for Siz2 in regulating chromatin structure comes 

from the observations that the transcripts of Ty1 and Ty2 retrotransposons are 

elevated in cells lacking Siz2-mediated SUMOylation events at the NE (Table 4-

2). These observations suggest that Siz2-mediated SUMOylation may function in 

the regulation of retrotransposition. This is consistent with previous reports 

implicating Siz2 in regulating retrotransposition (Manhas, Ma, and Measday 2018; 

Bonnet et al.,  2021). The loss of Siz2 in conjunction with a loss of Siz1 causes an 

increase in Ty1 RNA levels (Bonnet et al.,  2021). The loss of Siz2 has also been 

shown to impair Ty1 targeting to regions upstream of tRNA genes (Manhas, Ma, 

and Measday 2018) and instead retarget Ty1 retrotransposons to subtelomeric 

regions (Manhas, Ma, and Measday 2018). Siz2-mediated mitotic SUMOylation 

events at the NE may regulate interactions with retrotransposition host factors or 

regulate the organization of subtelomeric chromatin to prevent aberrant transposon 

insertions into these regions.  

Overall, we have identified a novel regulatory mechanism that facilitates 

the accumulation of SUMOylation events at the NE. We have identified a role for 
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these SUMOylation events in re-establishing NE-chromatin interactions during 

mitosis. We have identified Sir4 and Scs2 as SUMOylation targets of Siz2 at the 

INM and have shown that the SUMOylation of these targets is necessary to regulate 

NE-chromatin interactions (Fig. 4-27). Identifying other mitosis specific 

SUMOylation targets at the INM is predicted to provide insights into other 

biological functions regulated by Siz2 at the INM during mitosis.   
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Chapter V: Nuclear envelope associated 

SUMOylation events regulate nuclear membrane 

expansion during mitosis 
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5.1 Overview 

Phosphatidic acid (PA) is a key intermediate of lipid metabolism. 

Depending on the needs of the cell, PA is either channeled towards the synthesis of 

membrane phospholipids (PLs) which is required for cell proliferation or channeled 

towards lipid storage. The enzymatic activity of Pah1 antagonizes the channeling 

of PA towards PL synthesis. The activity of Pah1 is regulated by the integral 

Nem1/Spo7 complex, which regulates the interaction of Pah1 with membranes. 

During mitosis, PL synthesis increases to allow the formation of membranes that 

will become part of the mother and daughter cells, including the nuclear membrane. 

In yeast, the expansion of the nuclear membrane occurs at regions that are adjacent 

to the nucleolus. The expansion of the nuclear membrane at these regions is 

proposed to be facilitated through the mitotic inhibition of Pah1. Recently, PA 

metabolism at the INM has been established. However, it is still unclear whether 

the INM contributes to specific regulatory systems involved in facilitating the 

mitotic expansion of the NE. Here we have identified a spatiotemporal regulatory 

system at the INM that supports the mitotic expansion of the NE. We show that the 

enrichment of Siz2 and Siz2-mediated SUMOylation events at the INM, as 

identified and characterized in Chapter 4, supports the enrichment of PA at the INM 

and the expansion of the NE during mitosis. During mitosis Siz2-mediated 

SUMOylation events reduce protein interactions between Pah1, Spo7, and Nem1. 

Based on this we propose that Siz2-mediated SUMOylation is a unique 

spatiotemporal regulatory mechanism that inhibits Pah1 activity to facilitate the 

mitotic expansion of the NE.   
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5.2 Results 

5.2.1 NE association of Siz2 during mitosis supports NE expansion.  

As cells progress through mitosis, de novo lipid biogenesis contributes to 

producing the nuclear envelope (NE) membrane (Campbell et al.,  2006; Witkin et 

al.,  2012). Coincident with NE expansion, the SUMO E3 ligase Siz2 binds the 

inner nuclear membrane (INM) and mediates SUMOylation of various membrane-

associated targets (Ptak et al.,2021; Chapter 4). To determine whether these 

spatially and temporally regulated SUMOylation events play a role in mitotic NE 

expansion, we investigated the consequences of inhibiting Siz2-mediated NE 

SUMOylation on the surface area of the NE membrane. We examined the nuclear 

surface area at different cell cycle stages in asynchronously grown WT and siz2 

mutant cells (siz2S522A). This point mutant fails to bind the INM during mitosis and 

SUMOylate NE-associated proteins (Ptak et al.,2021; Chapter 4). Cell morphology 

was used to determine the cell cycle stage of individual cells. The contours of 

nuclear surfaces were determined by 3-dimensional reconstruction of nuclei 

containing a diffuse nucleoplasmic protein Pus1-GFP. These data were then used 

to calculate nuclear surface area using Imaris surface analysis. The nuclear surface 

area values of WT cells at various cell cycle stages were similar to previously 

reported values and increased as cells progressed from G1- to M-phase (Webster, 

McCaffery, and Cohen-Fix 2010; R. Wang et al.,  2016). A comparison of WT and 

siz2S522A mutant cells revealed similar nuclear surface areas for G1- and S-phase 

cells. However, the siz2S522A mutant cells had significantly reduced nuclear surface 

area values in M-phase (Fig. 5-1A).  
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We also examined the nuclear surface area of WT and siz2S522A cells as they 

progressed through the cell cycle following release from an α-factor induced G1-

phase arrest. Every 20 minutes after α-factor release, the nuclear surface area of 

sampled cells was determined using the Imaris surface analysis. Similar to cells in 

the asynchronous culture (Fig.5-1A), the synchronized population of WT and 

siz2S522A cells exhibited similar nuclear surface areas and rates of increase as they 

progressed through G1- and S-phase (0-60 mins; Fig. 5-1B). However, as cells 

progressed through mitosis (60 to 80 min.), the surface area of WT cells continued 

to increase (coincident with Siz2-dependent SUMOylation conjugates at the INM; 

Fig. 5-2A,B; Ptak et al.,2021), while in siz2S522A cells, it remained largely 

unchanged. Following mitotic exit and formation of G1-phase progeny nuclei, the 

nuclear surface areas of WT and siz2S522A cells were again similar (Fig. 5-1B) and 

decreased, consistent with previous observations (Webster, McCaffery, and Cohen-

Fix 2010; R. Wang et al.,  2016). 

To further investigate NE expansion during mitosis we investigated the 

changes in nuclear surface area during mitotic delay. Cells arrested in mitosis, have 

continued phospholipid biogenesis resulting in an increase in NE membrane and 

distorted nuclear shape (Campbell et al.,  2006; Witkin et al.,  2012). These 

phenotypes are prevented by inhibiting phospholipid biogenesis (Walters et al.,  

2014). Thus, we tested the effect of the siz2S522A mutant on membrane production 

during mitosis using M-phase arrested cells. Cells were arrested in metaphase by 

the depletion of the anaphase-promoting protein Cdc20. As shown in Fig.5-1C, 

depletion of Cdc20 (see Fig. 5-2D) for 2 h in an otherwise WT  
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Figure 5-1. NE association of Siz2 during mitosis supports NE expansion. A) 

Epifluorescence images of asynchronously grown WT and siz2S522A cells 

expressing the nucleoplasm marker Pus1-GFP were used to reconstruct nuclei from 

a series of z-stacks. The nuclear surface area from reconstructed nuclei was then 

calculated using Imaris surface analysis for the indicated cell cycle stage. The cell 

cycle stage was determined by bud size and nuclear morphology. B) WT and 

siz2S522A cells expressing the nucleoplasm marker Pus1-GFP were arrested in G1-

phase (0 min) using α-factor. Following release from arrest, cells were collected 

and imaged at the indicated times. Epifluorescence images were analyzed by Imaris 

surface analysis to calculate nuclear surface area (µm2). C) Representative 

epifluorescence images of metaphase arrested MET3pr-HA3-CDC20 and MET3pr-

HA3-CDC20 siz2S522A cells producing the NE/ER marker Sur4-mCherry. 

Arrowheads highlight the NE. Cells were arrested in metaphase 2h post methionine 

addition. Bar – 2 µm. D) Nuclear surface area of metaphase arrested MET3pr-HA3-

CDC20 and MET3pr-HA3-CDC20 siz2S522A cells producing the nucleoplasm 

marker Pus1-GFP. Epifluorescence images were analyzed by Imaris surface 

analysis to calculate nuclear surface area (µm2). All graphs (A, B, D) show data 

from 3 biological replicates where n=50 cells per replicate/cell cycle stage. Error 

bars- SD. Asterisks- significant change in the siz2S522A containing cells relative to 

the WT counterpart using a two-tailed student’s t-test. *p≤0.05 **p≤0.01. 
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Figure 5-2. Siz2 localization and Siz2-mediated SUMOylation events at the NE 

during mitosis. A) Epifluorescence images of cells expressing the nucleoplasm 

marker Pus1-GFP, following arrest in G1-phase (0 min) using α factor, and release 

from arrest at indicated time points. B) WT and siz2S522A cells were arrested in G1-

phase (0min) using α-factor. Following release, cultures were sampled every 20 

min and analyzed by western blotting to detect SUMO conjugates, Clb2, and the 

Gsp1 load control, as specified on the right of the blot. Arrowheads highlight 

prominent SUMOylated species in the 40-55kDa that arise in mitosis and decay as 

cells enter G1-phase. Molecular mass markers are shown in kDa. C) Representative 

epifluorescence images of metaphase arrested MET3pr-HA3-CDC20 cells 

producing either GFP-Siz2 or GFP-siz2S522A. Sur4-mCherry is a NE/ER marker. 

Cells were arrested in metaphase 2h post methionine addition. Arrowheads 

highlight GFP-Siz2 at the NE. The nuclear distribution of GFP-Siz2 or GFP-

siz2S522A relative to Sur4-mCherry was determined using line scan intensities of 

equatorial optical sections through the nuclei. Plots show average fluorescence 

intensity (FI) for GFP-siz2 and Sur4-mCherry at multiple points along a 1.85 µm 

line for n=25 nuclei. Bar- 2 µm. Error bars- SD. D) Cell lysates derived from 

asynchronous (0) or metaphase arrested (2h) cultures of indicated strains were 

assessed by western blotting using an anti-SUMO antibody to assess SUMO 

conjugate profiles. Gsp1 is a loading control. Molecular mass markers are shown 

in kDa. 
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cell background results in large-budded M-phase arrested cells with nuclear 

extensions. The accumulation of nuclear extension is accompanied by the NE 

accumulation of Siz2 (Fig. 5-2C) and an increase in Siz2-dependent SUMOylation 

targets (Fig. 5-2D). Strikingly, the siz2S522A mutant, which fails to interact with the 

NE during mitosis, prevents the formation of nuclear extensions in M-phase 

arrested cells; instead, these nuclei appear largely spherical (Fig. 5-1C). Consistent 

with these observations, the siz2S522A mutation significantly reduced the surface 

area of the mitotic nuclei relative to their WT counterparts (Fig. 5-1D). Together 

these data suggest that the association of Siz2 with the INM during mitosis supports 

NE expansion. 

5.2.2 Directing Siz2 to the INM is sufficient to induce NE expansion.  

Phosphorylation of Siz2 during mitosis directs its binding to the INM until 

it is dephosphorylated and released from the membrane at cytokinesis (Ptak et al., 

2021; Chapter 4). We examined whether the ability of Siz2 to support NE 

expansion was restricted to mitosis or whether the constitutive association of Siz2 

with the NE was sufficient to induce an increase in nuclear surface area throughout 

the cell cycle.  To position Siz2 at the INM, we utilized the two fragments of the 

superfolder GFP, GFP1-10 and GFP11, which bind in vivo when the two fragments 

are in the same subcellular compartment. The binding of these fragments can be 

detected by the formation of fluorescence (Smoyer et al.,  2016). Siz2-GFP1-10 and 

an ER/INM anchored GFP11 fusion protein (GFP11- mCherry-transmembrane (TM) 

domain of Scs2) with the GFP11 fragment extending into the 

nucleoplasm/cytoplasm were expressed in cells. The GFP1-10 moiety on  
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Figure 5-3. Constitutive targeting of Siz2 to the NE induces SUMOylation and 

increases nuclear surface area. A) Epifluorescence images of asynchronously 

grown cells producing Siz2-GFP1-10 and a plasmid-encoded GFP11-mCherry-

scs2TM (GFP11
(nucleo/cyto)) or mCherry-scs2TM-GFP11 (GFP11

(NE/ER lumen)) reporter, 

which positions GFP11 on the nucleoplasm/cytosol or lumenal face of the NE/ER 

membrane, respectively. Membrane integration of the GFP11 reporters allows 

visualization of NE morphology by mCherry fluorescence. Assembled GFP1-10-

GFP11 dimers are visualized by GFP fluorescence when the GFP11 reporter resides 

in the same subcellular compartment as Siz2-GFP1-10. Bar- 2 µm. B and E) The 

nuclear fluorescence signal of Pus1-GFP in the indicated strains was used to 

calculate nuclear surface area (µm2) for the indicated cell cycle stage as described 

in Fig. 5-1. Graphs show data from 3 biological replicates where n=50 cells per 

replicate/cell cycle stage. Error bars- SD. Asterisks- significant change in GFP11-

mCherry-scs2TM (GFP11
(nucleo/cyto)) containing cells relative to mCherry-scs2TM-

GFP11 (GFP11
(NE/ER lumen)) counterpart using a two-tailed student’s t-test. *p≤0.05 

**p≤0.01. C) Cells were arrested in G1-phase using α-factor. Following release, 

cultures were sampled every 10 min and analyzed by western blotting to detect 

SUMO conjugates, Clb2, and the Gsp1 load control, as specified on the right of the 

blot. Clb2 levels peak in metaphase. Arrowheads highlight prominent SUMOylated 

species in the 40-55kDa range that are dependent on Siz2 localization to the INM. 

Note that time points shown were derived from the same western blot. Molecular 

mass markers are shown in kDa. D) Cell lysates derived from asynchronous 

cultures of indicated strains were assessed by western blotting to assess SUMO 

conjugate profiles. Gsp1 is a loading control. The red arrowhead points to 

SUMOylated Scs2. Blue arrowheads point to other prominent SUMO conjugates 

dependent on Siz2 localization to the INM. Molecular mass markers are shown in 

kDa. Experiments in panels C and D were performed by C. Ptak. Experiments in 

panels A, B and E were performed by N.O. Saik. Figures were constructed by N.O. 

Saik.  
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Siz2-GFP1-10 is positioned to bind the GFP11 domain of GFP11-mCherry-TM on the 

nucleoplasmic face of the INM (Smoyer et al.,  2016; Ptak et al.,  2021). Formation 

of the Siz2-GFP1-10-GFP11-mCherry-TM dimer was detected by GFP fluorescence 

along the INM and was not detected in the cortical ER (Fig.5-3A). This signal was 

seen in all stages of the cell cycle, resulting in Siz2 constitutively associated with 

the INM. By contrast, a fusion protein that positions the GFP11 fragment on the 

lumenal side of NE/ER membrane (mCherry-TM-GFP11; Smoyer et al.,2016) did 

not, as predicted, produce GFP fluorescence at the NE and therefore alter 

endogenous Siz2 localization (Fig. 5-3A).  

In cells containing Siz2 constitutively associated with the INM (Siz2-GFP1-

10 - GFP11-mCherry-TM), we observed that nuclei generally appeared misshapen 

(Fig. 5-3A). Moreover, we detected a significant increase in nuclear surface area in 

these cells at all cell cycle stages (Fig. 5-3B) relative to Siz2-GFP1-10 whose 

endogenous localization is unaltered by interactions between the two fragments of 

the superfolder GFP. Consistent with the constitutive INM association of Siz2, 

higher levels of SUMOylated species normally restricted to mitosis were detected 

throughout the cell cycle (Fig. 5-3C).  

The artificially tethering Siz2 to the INM (using the Siz2- GFP1-10 and INM 

anchored GFP11 fusion protein dimer) is predicted to bypass the requirement for its 

mitosis-specific receptor, Scs2 (Ptak et al.,2021; Chapter 4).  Consistent with this 

idea, a scs2K180R mutant, which blocks Scs2 SUMOylation and reduces NE-

association of endogenous Siz2 (Ptak et al.,2021; Chapter 4), does not inhibit the 

SUMOylation of NE targets and the increase in nuclear surface area caused by the 
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GFP1-10-Siz2 and INM-anchored GFP11 dimer complex (Fig. 5-3D and 5-3E). 

These results suggest that the SUMOylation of Scs2 is not required for NE 

expansion.  

The mitotic increase in SUMOylation, mediated by Siz2, decays as cells 

enter into G1-phase. This occurs due to the dissociation of Siz2 from the NE at 

cytokinesis and the deSUMOylation of NE targets by the isopeptidase, Ulp1 (Ptak 

et al.,2021; Chapter 4). Cells harboring a ulp1 mutation (ulp1K352E/Y583H) accumulate 

higher levels of Siz2 mitotic NE SUMOylation targets that persist into the 

interphase of the next cell cycle (Ptak et al.,2021; Chapter 4; Fig.5-5), despite the 

similar timing of Siz2 association and dissociation with NE that occurs in these 

cells ( Fig. 5-4).  Therefore, using a strain producing ulp1K352E/Y583H tagged with 

V53, we examined the effects of elevated SUMOylation on NE membrane 

morphology and nuclear surface area. As we observed in cells where Siz2 is 

constitutively tethered to the INM, the nuclei of ulp1K352E/Y583H-V53 mutant cells 

were misshapen and exhibited NE extensions (Fig.5-4. 5-5, 5-6). ulp1K352E/Y583H-

V53 mutant cells also showed an increased nuclear surface area relative to WT cells 

at all cell cycle stages (Fig.5-6). Preventing SUMOylation at the INM in the ulp1 

mutant background (ulp1K352E/Y583H-V53 siz2S522A) restored the spherical appearance 

of nuclei and the nuclear surface area to WT levels in G1- and S-phase cells (Fig. 

5-6). The nuclear surface area of M-phase ulp1K352E/Y583H-V53 siz2S522A mutant cells 

was similar to values observed in the siz2S522A mutant (Fig.5-1A). Together these 

data support a role for Siz2-mediated SUMOylation in supporting NE expansion. 
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Figure 5-4. Siz2 enrichment at the INM is restricted to mitosis in ulp1K352E/Y583H 

mutant cells. Representative epifluorescence images of indicated cells producing 

either GFP-Siz2 or GFP-siz2S522A. Sur4-mCherry is a NE/ER marker. Arrowheads 

highlight GFP-Siz2 at the NE. Nuclear distribution of GFP-Siz2 or GFP-siz2S522A 

relative to Sur4-mCherry was determined using line scan intensities of equatorial 

optical sections through the nuclei (see red lines) of interphase (unbudded or small-

budded) and mitotic (large budded) cells. Plots show average fluorescence intensity 

(FI) for GFP-siz2 and Sur4-mCherry at multiple points along a 1.85 µm line for 

n=25 nuclei. Bar- 2 µm. Error bars- SD. 
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Figure 5-5. Siz2-mediated SUMOylation events are enrichment at the INM at 

all cell cycle stages in ulp1K352E/Y583H mutant cells. Anti-SUMO 

immunofluorescence analysis of indicated strains. Arrowheads highlight SUMO 

along the NE, with nuclear position determined by DAPI staining. Nuclear 

fluorescence levels were quantified using line scan intensities of equatorial optical 

sections through the nuclei (see red lines) of interphase (unbudded or small-budded) 

and mitotic (large budded) cells. Plots show average fluorescence intensity (FI) for 

SUMO-IF and DAPI at multiple points along a 1.85 µm line for n=25 nuclei. Bar- 

2 µm. Error bars- SD.  
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Figure 5-6. Ulp1-dependent deSUMOylation at the INM restricts nuclear 

membrane expansion. A) Representative epifluorescence images of 

ulp1K352E/Y583H and ulp1K352E/Y583H siz2S522A mutant cells producing the NE/ER 

marker Sur4-mCherry. Bar- 2 µm. Arrowheads highlight the NE. B) The nuclear 

fluorescence signal of Pus1-GFP in the indicated strains was used to calculate 

nuclear surface area (µm2) for the indicated cell cycle stages as described in Fig. 5-

1. The data represents 3 biological replicates of n=50 cells per replicate/cell cycle 

stage. Error bars- SD. Asterisks- significant change relative to WT cells of the 

corresponding cell cycle stage using a two-tailed student’s t-test. *p≤0.05 

**p≤0.01. Note all ulp1K352E/Y583H mutations contain a C-terminal V53 tag. 
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5.2.3 Siz2-mediated SUMOylation increases INM levels of phosphatidic acid 

during mitosis.  

Phosphatidic acid (PA) is a key precursor for phospholipids. Increased 

cellular levels of PA have been linked to the expansion of the NE membrane during 

mitosis (Santos-Rosa et al.,  2005). Moreover, mutations in genes encoding proteins 

that regulate PA and lead to increased cellular levels of PA also exhibit NE 

abnormalities (Santos-Rosa et al.,  2005) similar to those observed when Siz2-

mediated SUMOylation accumulates at the INM (Fig. 5-3, 5-6). With this in mind, 

we investigated the spatial and temporal changes to PA levels at the NE during the 

cell cycle. To do this, we used a nuclear-localized PA sensor (NLS-PA sensor-

mCherry) which was previously used to detect PA associated with the INM by 

fluorescence microscopy (Romanauska and Köhler 2018). In asynchronous 

cultures of WT cells, the NLS-PA sensor was predominantly nuclear in interphase 

cells (Fig. 5-7A). However, in mitotic cells, both those in asynchronous cultures 

(Fig.5-7B) and metaphase arrested cells (Fig.5-7C), the NLS-PA sensor was 

enriched at the INM. The enrichment of the NLS-PA sensory at the INM during 

mitosis is consistent with increased PA levels (Romanauska and Köhler 2018). 

Importanty, this mitotic increase in PA at the INM was dependent on the INM 

association of Siz2, as it was not detected in siz2S522A mutant cells (Fig.5-7B and 5-

7C).  

Because Siz2 association with the INM was necessary for the mitotic 

accumulation of PA at the INM, we tested whether constitutive tethering of Siz2 to  
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Figure 5-7. The NE association of Siz2 during mitosis supports the enrichment 

of PA at the INM. The indicated strains producing the nucleoplasmic marker Pus1-

GFP and a plasmid-encoded PA sensor (Opi1 Q2-mCherry) with an N-terminal 

nuclear localization sequence (NLS) were examined by epifluorescence. 

Representative images of interphase (A) and mitotic (B) asynchronously grown 

cells and metaphase arrested MET3pr-HA3-CDC20 producing cells (C) are shown 

on the left. MET3pr-HA3-CDC20 producing cells were arrested in metaphase 2h 

post methionine addition. Arrowheads highlight the NLS-PA sensor at the INM as 

visualized by mCherry fluorescence. Nuclear fluorescence levels were quantified 

using line scan intensities of equatorial optical sections through the nuclei. Plots 

show average fluorescence intensity (FI) for the NLS-PA sensor and Pus1-GFP at 

multiple points along a 1.85 µm line for n=25 nuclei. Bar- 2 µm. Error bars- SD.  
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Figure 5-8. PA enrichment at the INM is dependent on Siz2-mediated 

SUMOylation events. The nucleoplasm marker Pus1-GFP and a plasmid-encoded 

PA sensor (Opi1 Q2-mCherry) with an N-terminal nuclear localization sequence 

(NLS) were introduced into the indicated strains and examined by epifluorescence. 

A) The nuclear distribution of the NLS-PA sensor was examined for interphase and 

mitotic nuclei of cells producing Siz2-GFP1-10 and the plasmid-encoded GFP11-

scs2TM (GFP11
(nucleo/cyto)) or scs2TM-GFP11 (GFP11

(NE/ER lumen)) reporter. B,C) The 

nuclear distribution of the PA sensor was also examined for interphase and mitotic 

nuclei of the indicated ulp1 mutant strains. Representative epifluorescence images 

are shown on the left, and plots showing the average fluorescence intensity (FI) for 

the NLS-PA mCherry sensor and Pus1-GFP are shown on the right. Arrowheads 

highlight the NLS-PA sensor at the INM as visualized by mCherry. Nuclear levels 

of fluorescence were quantified as described in Fig. 5-7. n=25 nuclei. Bar- 2 µm. 

Error bars- SD. FI= fluorescence intensity. Note all ulp1K352E/Y583H mutations 

contain a C-terminal V53 tag. 
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the INM using the Siz2- GFP1-10 and INM-anchored GFP11 dimer complex was 

sufficient to induce increased PA levels.  As shown in Fig.5-8A, INM tethering of 

Siz2-GFP1-10 enriches PA in interphase cells, similar to the increases seen in mitotic 

cells. The increase in PA at the INM coincides with the increased nuclear surface 

area detected throughout the cell cycle in these cells (Fig.5-3B).  Similarly, the 

increase in the nuclear surface area seen in the ulp1K352E/Y583H
 mutant (Fig. 5-6B) 

was also accompanied by an increase in INM levels of PA throughout the cell cycle 

(Fig.5-8B). By contrast, ulp1K352E/Y583H
 mutant cells containing the siz2S522A 

mutation showed no enrichment of PA at the INM throughout the cell cycle (Fig. 

5-8C). Cumulatively, these results directly implicate Siz2-mediated SUMOylation 

events in supporting the enrichment of PA at the INM. 

5.2.4 Siz2-directed NE expansion is antagonized by the pah17A mutation. 

PA levels are regulated in part by the phosphatase Pah1, which converts PA 

to DAG. Notably, the inhibition of Pah1 activity increases PA levels and has been 

shown to induce NE expansion (Han, Wu, and Carman 2006; Santos-Rosa et al.,  

2005; Romanauska and Köhler 2018). For example, the loss of the Pah1 activators, 

Spo7 and Nem1, results in NE expansion (Siniossoglou 1998; Santos-Rosa et al.,  

2005; Webster, McCaffery, and Cohen-Fix 2010).  Moreover, the inhibition of Pah1 

during mitosis by cyclin-dependent kinase (Cdk)-mediated phosphorylation has 

been proposed to reduce the membrane association of Pah1, leading to increased 

PA levels and NE expansion (Santos-Rosa et al.,  2005; O’Hara et al.,  2006).  A 

pah17A mutation, which prevents Pah1 phosphorylation, exhibits increased 

membrane binding and phosphatase actively in vitro (O’Hara et al.,  2006; Choi et 
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al.,  2011). In agreement with this observation, the pah17A mutation suppresses the 

NE expansion phenotypes of spo7∆ and nem1∆ null mutants (Choi et al.,  2011). 

Thus, we tested whether the expression of the pah17A mutation would also reduce 

INM associated PA and the nuclear surface area of metaphase-arrested (Cdc20-

depleted) cells. As shown in Fig.5-9A,B, exogenous expression of the pah17A 

mutant, but not PAH1 (Fig.5-10A), reduced the INM accumulation of PA and the 

nuclear surface area of arrested cells. Similarly, the expression of the pah17A 

mutant, but not PAH1, in actively growing cultures prevented mitotic increases in 

PA at the INM and reduced nuclear surface area throughout the cell cycle (Fig.5-

10B,D).  

The phenotypes arising from the constitutively active pah17A mutant were 

generally similar to those detected in cells containing the siz2S522A mutation (Fig.5-

1 and 5-7), suggesting NE SUMOylation may function to suppress the activity of 

Pah1 during mitosis. Therefore, we examined whether the pah17A mutant could 

suppress the NE expansion phenotype arising from increased NE SUMOylation. 

Introducing the pah17A mutant into ulp1K352E/Y583H-V53 mutant cells did not alter 

SUMOylation levels in this strain (or WT cells, Fig. 5-10E) but suppressed both 

the INM accumulation of PA (Fig. 5-9C) and the increased nuclear surface area 

phenotypes of these cells in both interphase and mitosis (5-9D). By contrast, these 

effects were not induced by the introduction of exogenous PAH1 (Fig. 5-9D, 5-

10C). Moreover, nuclear surface area values in WT and ulp1K352E/Y583H-V53 mutant 

cells expressing the pah17A mutant were indistinguishable (Fig. 5-10D). These data  
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Figure 5-9. Pah1 activity antagonizes Siz2-mediated increases in nuclear 

surface area. A and C) Indicated strains containing the nucleoplasmic marker 

Pus1-GFP and a plasmid-encoded PA sensor (Opi1 Q2-mCherry) with an N-

terminal nuclear localization sequence (NLS) were examined by epifluorescence. 

Representative epifluorescence images and corresponding nuclear fluorescence 

levels for the NLS-PA sensor and Pus1-GFP are shown for metaphase arrested 

MET3pr-HA3-CDC20 producing cells (A) and asynchronously grown ulp1 mutant 

cells (C). Nuclear levels of fluorescence were quantified using line scans as 

described in Fig. 5-7. n=25 nuclei. Bar- 2 µm. Error bars- SD. FI= fluorescence 

intensity. B and D) The nuclear fluorescence signal of Pus1-GFP was used to 

calculate the nuclear surface area of the indicated cells using Imaris surface 

analysis. Images were acquired as a series of z-stacks. MET3pr-HA3-CDC20 

producing cells were arrested in metaphase by adding methionine for 2h before 

imaging (B). The cell cycle stage of asynchronously grown ulp1 mutant cells was 

determined by bud size and nuclear morphology (D). Graphs show data from 3 

biological replicates/sample where n=50 cells per replicate/cell cycle stage. Error 

bars- SD. Asterisks- significant change in the pah17A containing cells relative to the 

WT counterpart (PAH1) using a two-tailed student’s t-test. *p≤0.05 ***p≤0.001. 

Note all ulp1K352E/Y583H mutations contain a C-terminal V53 tag. PAH1 and pah17A 

were expressed from a multicopy plasmid and were C-terminally tagged with PrA.  
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Figure 5-10. Effects of pah17A on PA and nuclear surface area. A, B and C) 

Indicated strains containing the nucleoplasmic marker Pus1-GFP, the plasmid-

encoded PAH1 or pah17A, and the plasmid-encoded PA sensor (Opi1 Q2-mCherry) 

with an N-terminal nuclear localization sequence (NLS) were examined by 

epifluorescence. Representative epifluorescence images and the corresponding 

nuclear fluorescence levels for the NLS-PA sensor and Pus1-GFP are shown for 

metaphase arrested MET3pr-HA3-CDC20 producing cells (A), asynchronously 

grown WT (B) and ulp1 mutant cells (C). Nuclear fluorescence levels were 

quantified using line scans as described in Fig. 5-7. n=25 nuclei. Bar- 2 µm. Error 

bars- SD. FI= fluorescence intensity. Arrowheads highlight PA at the INM. D) The 

nuclear fluorescence signal of Pus1-GFP was used to calculate the nuclear surface 

area of the indicated cells using Imaris surface analysis. Graphs show data from 3 

biological replicates/sample where n=50 cells per replicate/cell cycle stage. Error 

bars- SD. Asterisks- a significant change in the pah17A containing cells relative to 

the WT counterpart (PAH1) using a two-tailed student’s t-test. *p≤0.05. E) Cell 

lysates derived from asynchronous cultures of indicated strains were assessed by 

western blotting using an anti-SUMO antibody to assess SUMO conjugate profiles. 

Gsp1 is a loading control. Molecular mass markers are shown in kDa. Note 

all ulp1K352E/Y583H mutations contain a C-terminal V53 tag. PAH1 and pah17A were 

C-terminally tagged with PrA. 
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support the idea that Siz2-mediated SUMOylation promotes NE biogenesis by 

restricting Pah1 activity. 

5.2.5 Siz2 regulates the interactions of Pah1, Nem1, and Spo7. 

The pah17A protein exhibits increased membrane association (Choi et al.,  

2011); thus, its ability to suppress membrane expansion induced by increased NE 

SUMOylation may reflect a role for SUMOylation in reducing the membrane 

association of Pah1 during mitosis.  The binding of Pah1 to membranes is mediated 

by interactions with the Spo7/Nem1 integral membrane phosphatase complex 

(Karanasios et al.,  2010; Dubots et al.,  2014). On the basis of our results, we 

hypothesized that Siz2-mediated NE SUMOylation inhibits Pah1 activity by 

altering Pah1 association with the Spo7/Nem1 complex during mitosis. 

Immunoprecipitation analysis was used to assess levels of Pah1 binding to the 

Spo7/Nem1 complex during interphase (G1-phase) and during mitosis. For these 

experiments, cell cultures were synchronized by arresting in G1-phase using α-

factor and then examined directly (G1-phase). Interactions during mitosis were 

examined by releasing α-factor arrested cells and examining interactions as cells 

progressed into mitosis (60 min post-release) or by examining interactions in cells 

following a metaphase arrest induced by Cdc20 depletion. Since Spo7 mediates 

Pah1 interactions with the Spo7/Nem1 complex (Siniossoglou 1998; Dubots et al.,  

2014), Spo7-TAP was purified under these various conditions to assess interactions 

of Pah1 with the Spo7/Nem1 complex. In G1-phase cells, Pah1 was detected in 

association with Spo7-TAP. By contrast, parallel analysis of mitotic extracts (both 

60 min post α-factor release and following Cdc20 depletion) revealed a reduction  
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Figure 5-11. Mitotic SUMOylation events reduce Pah1 interactions with the 

Spo7/Nem1 complex. Spo7-TAP was affinity-purified from the indicated strains 

(IP) producing Pah1-V53 or Pah1-Myc13. Equivalent portions of the indicated 

fractions were analyzed by western blotting (WB) to assess levels of the Myc-, V5- 

and TAP-tagged fusions. A and C) Indicated cells were arrested in G1-phase (0min) 

using α-factor. Following the release, cultures were collected at 60 min, and binding 

of Spo7-TAP to Pah1-Myc13 was assessed. B and D) WT and siz2S522A cells 

producing MET3pr-HA3-CDC20 were arrested in G1-phase using α-factor and 

arrested in metaphase by the addition of methionine. Cells were collected 2h post-

arrest, and the binding of Spo7-TAP to Pah1-V53 was assessed. Note all Load, 

Elution, or Bound fractions shown in each panel were derived from the same 

western blot. All ulp1K352E/Y583H mutations contain a C-terminal GFP tag. Molecular 

mass markers are shown in kDa on the right. 
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in the amount of Pah1 bound to Spo7-TAP (Fig.5-11 A,B). These observations are 

consistent with the proposed mitotic inhibition of Pah1 (Santos-Rosa et al.,  2005). 

Importantly, this reduction in Pah1 association with Spo7, seen in WT cells, was 

not observed in siz2S522A mutant cells. In siz2S522A mutant cells, levels of Pah1 bound 

to Spo7 in the mitotic extracts were similar to, or higher than, that detected in G1-

phase (Fig.5-11 C,D). These results suggest that the interaction of the Spo7/Nem1 

complex with Pah1 is inhibited during mitosis, and NE SUMOylation is required 

to suppress their association. 

Formation of the Spo7/Nem1 complex is required for the phosphatase 

activity of Nem1. Therefore, we also examined the assembly state of this complex 

during mitosis, to assess whether the activity of the Spo7/Nem1 complex was 

reduced. The binding of Spo7-TAP to Nem1 was assessed under the same 

conditions described for Spo7-TAP binding to Pah1. As shown in Fig. 5-12, WT 

cells progressing through mitosis or arrested in metaphase showed a reduction in 

the levels of Nem1 bound to Spo7 relative to that seen in G1-phase cells. The 

reduced association of Spo7 with Nem1 seen in mitotic WT cells (Fig. 5-12 A,B) 

was not observed in siz2S522A mutant cells. In siz2S522A mutant cells, no differences 

in the binding of Nem1 to Spo7 were detected in G1-phase versus mitotic cells (Fig. 

5-10 C,D).  On the basis of these results, we propose that Siz2-mediated mitotic 

SUMOylation contributes to the inhibition of Pah1 by both inhibiting the 

interactions of Pah1 with Spo7 as well as reducing Spo7 binding to Nem1. 
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Figure 5-12. Mitotic SUMOylation events reduce interactions between Spo7 

and Nem1. Spo7-TAP was affinity-purified from indicated strains (IP) producing 

Nem1-V53. Equivalent portions of the indicated fractions were analyzed by western 

blotting (WB) to assess levels of the V5- and TAP-tagged fusions. A and C) 

Indicated cells were arrested in G1-phase (0min) using α-factor. Following the 

release, cultures were collected at 60 min, and binding of Spo7-TAP to Nem1-V53 

was assessed. B and D) WT and siz2S522A mutant cells producing MET3pr-HA3-

CDC20 were arrested in G1-phase using α-factor and arrested in metaphase by the 

addition methionine. Cells were collected 2h post-arrest, and the binding of Spo7-

TAP to Nem1-V53 was assessed. Note all Load, Elution, or Bound fractions shown 

in each panel were derived from the same western blot. All ulp1K352E/Y583H mutations 

contain a C-terminal GFP tag. Molecular mass markers are shown in kDa on the 

right. 
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Figure 5-13. Siz2-mediated SUMOylation events reduce Spo7 interactions 

with Pah1 and Nem1. Spo7-TAP was affinity-purified from the indicated strains 

(IP) producing Pah1-V53 or Pah1-Myc13. Equivalent portions of the indicated 

fractions were analyzed by western blotting (WB) to assess levels of the Myc-, V5- 

and TAP-tagged fusions. A) Binding of Pah1-Myc13 to Spo7-TAP in indicated 

asynchronously grown cells was assessed. B) Binding of Nem1-V53 to Spo7-TAP 

in indicated asynchronously grown cells was assessed. Note all Load, Elution, or 

Bound fractions shown in each panel were derived from the same western blot. All 

ulp1K352E/Y583H mutations contain a C-terminal GFP tag. Molecular mass markers 

are shown in kDa on the right. 
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If, as our data suggests, Siz2-mediated NE SUMOylation inhibits the 

interactions of Spo7 with Pah1 and Nem1, we would predict that the constitutively 

higher levels of Siz2-mediated SUMOylation observed throughout the cell cycle in 

ulp1K352E/Y583H
 mutant cells would result in a general reduction in the interactions of 

Spo7 with Pah1 and Nem1. Using immunoprecipitation analysis, we detected the 

binding of Spo7-TAP to Pah1 and Nem1 in asynchronous cultures of WT cells 

(Fig.5-13). These interactions were reduced in ulp1K352E/Y583H
 mutant cells and 

restored to WT levels in ulp1K352E/Y583H
 siz2S522A mutants (Fig.5-13). These 

observations support Siz2-mediated SUMOylation inhibiting Spo7 interactions 

with Pah1 and Nem1.  

As our results show that the ability of Pah1 to interact with the membrane 

is reduced by mitotic SUMOylation events at the INM (Fig. 5-11, 5-12, 5-13), we 

investigated whether cells containing Pah1 constitutively associated with the INM 

could suppress membrane expansion phenotypes induced by increased NE 

SUMOylation. Using the superfolder GFP, GFP1-10 and GFP11 system (Smoyer et 

al.,  2016), Pah1 was constitutively associated with the INM (Pah1-GFP1-10 - GFP11-

mCherry-TM) in M-phase arrested cells (Fig. 5-14A) and asynchronously grown 

WT (Fig. 5-16A) and ulp1K352E/Y583H-V53 mutant cells (Fig. 5-15A). In cells where 

Pah1 was constitutively associated with the INM we observed that the nuclei were 

all spherical. Moreover, in these cells we detected a significant decrease in nuclear 

surface area and PA accumulation at the INM relative to the corresponding cells 

that positioned the GFP11 fragment on the lumenal side of NE/ ER membrane 

(mCherry-TM-GFP11; Smoyer et al.,2016), which did not, as predicted, produce 
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GFP fluorescence at the NE (Fig.5-14, 5-15, 5-16). Collectively, these results 

suggest that SUMOylation prevents Pah1 phosphatase activity by preventing Pah1 

association with its substrate.  
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Figure 5-14. Pah1 membrane association can supress the increased nuclear 

surface area of mitotically delayed cells. A) Epifluorescence images of cells 

producing Pah1-GFP1-10 and the plasmid-encoded mCherry-scs2TM-GFP11 

(GFP11
(NE/ER lumen)) or GFP11-mCherry-scs2TM (GFP11

(nucleo/cyto)) reporters which 

positions GFP11 on the lumenal or nucleo/cytosolic face of the NE/ER membrane, 

respectively. Membrane integration of the GFP11 reporters allows visualization of 

NE morphology by mCherry fluorescence. Assembled GFP1-10-GFP11 dimers are 

visualized by GFP fluorescence when the GFP11 reporter resides in the same 

subcellular compartment as Pah1-GFP1-10. Bar- 2 µm. MET3pr-HA3-CDC20 

containing cells were arrested in metaphase by adding methionine for 2h prior to 

imaging. B) Indicated strains containing Pus1-GFP and a plasmid-encoded PA 

sensor (Opi1 Q2-mCherry) with an N-terminal nuclear localization sequence (NLS) 

were examined by epifluorescence. Representative epifluorescence images and 

corresponding nuclear fluorescence levels for the NLS-PA sensor and Pus1-GFP in 

metaphase arrested MET3pr-HA3-CDC20 producing cells are shown. Nuclear 

levels of fluorescence were quantified using line scans as described in Fig. 5-7. 

n=25 nuclei. Bar- 2 µm. Error bars- SD. FI= fluorescence intensity. Note GFP11 

reporters utilized lacked mCherry. C) The nuclear fluorescence signal of Pus1-GFP 

was used to calculate the nuclear surface area of the indicated cells using Imaris 

surface analysis. Images were acquired as a series of z-stacks. MET3pr-HA3-

CDC20 producing cells were arrested in metaphase by adding methionine for 2h 

before imaging. Graphs show data from 3 biological replicates where n=50 cells 

per replicate/cell cycle. Error bars- SD. Asterisks- significant change in GFP11-

mCherry-scs2TM (GFP11
(nucleo/cyto)) containing cells relative to mCherry-scs2TM-

GFP11 (GFP11
(NE/ER lumen)) counterpart using a two-tailed student’s t-test. *p≤0.05 

***p≤0.001. D) Cell lysates derived from asynchronous (0) or metaphase arrested 

(2h) cultures of indicated strains were analyzed by western blotting to detect SUMO 

conjugates, Clb2, HA3 tags, and the Gsp1 load control. Molecular mass markers are 

shown in kDa. 
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Figure 5-15. Pah1 membrane association can supress NE expansion 

phenotypes of ulp1K352E/Y583H mutant cells. A) Epifluorescence images of cells 

producing Pah1-GFP1-10 and the plasmid-encoded mCherry-scs2TM-GFP11 

(GFP11
(NE/ER lumen)) or GFP11-mCherry-scs2TM (GFP11

(nucleo/cyto)) reporters which 

position GFP11 on the lumenal or nucleo/cytosolic face of the NE/ER membrane, 

respectively. Membrane integration of the GFP11 reporters allows visualization of 

NE morphology by mCherry fluorescence. Assembled GFP1-10-GFP11 dimers are 

visualized by GFP fluorescence when the GFP11 reporter resides in the same 

subcellular compartment as Pah1-GFP1-10. Bar- 2 µm. B) The nuclear fluorescence 

signal of Pus1-GFP was used to calculate the nuclear surface area of the indicated 

cells using Imaris surface analysis. Graphs show data from 3 biological 

replicates/sample where n=50 cells per replicate/cell cycle stage. Error bars- SD. 

Asterisks- significant change in GFP11-mCherry-scs2TM (GFP11
(nucleo/cyto)) 

containing cells relative to mCherry-scs2TM-GFP11 (GFP11
(NE/ER lumen)) counterpart 

using a two-tailed student’s t-test. *p≤0.05 **p≤0.01. C) Pah1-GFP1-10 cells 

containing the nucleoplasmic Pus1-GFP, plasmid-encoded PA sensor (Opi1 Q2-

mCherry) with an N-terminal nuclear localization sequence (NLS) and either the 

plasmid-encoded GFP11-scs2TM (GFP11
(nucleo/cyto)) or scs2TM-GFP11 (GFP11

(NE/ER 

lumen)) reporter were examined. Representative epifluorescence images and the 

corresponding nuclear fluorescence levels for the NLS-PA sensor and Pus1-GFP 

are shown for interphase and mitotic ulp1 mutant cells. Note 

all ulp1K352E/Y583H mutations contain a C-terminal V53 tag.  
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Figure 5-16. Effects of Pah1 membrane association on PA and nuclear surface 

area. A) Epifluorescence images of cells producing Pah1-GFP1-10 and the plasmid-

encoded mCherry-scs2TM-GFP11 (GFP11
(NE/ER lumen)) or GFP11-mCherry-scs2TM 

(GFP11
(nucleo/cyto)) reporters, which position GFP11 on the lumenal or 

nucleo/cytosolic face of the NE/ER membrane, respectively. Membrane integration 

of the GFP11 reporters allows visualization of NE morphology by mCherry 

fluorescence. Assembled GFP1-10-GFP11 dimers are visualized by GFP 

fluorescence when the GFP11 reporter resides in the same subcellular compartment 

as Pah1-GFP1-10. Bar- 2 µm. B) Pah1-GFP1-10 cells containing the nucleoplasmic 

Pus1-GFP, plasmid-encoded PA sensor (Opi1 Q2-mCherry) with an N-terminal 

nuclear localization sequence (NLS) and either the plasmid-encoded GFP11-

scs2TM (GFP11
(nucleo/cyto)) or scs2TM-GFP11 (GFP11

(NE/ER lumen)) reporter were 

examined. Representative epifluorescence images and the corresponding nuclear 

fluorescence levels for the NLS-PA sensor and Pus1-GFP are shown for interphase 

and mitotic cells. C) The nuclear fluorescence signal of Pus1-GFP was used to 

calculate the nuclear surface area of the indicated cells using Imaris surface 

analysis. Graphs show data from 3 biological replicates/sample where n=50 cells 

per replicate/cell cycle stage. Error bars- SD. Asterisks- significant change in 

GFP11-mCherry-scs2TM (GFP11
(nucleo/cyto)) containing cells relative to mCherry-

scs2TM-GFP11 (GFP11
(NE/ER lumen)) counterpart using a two-tailed student’s t-test. 

*p≤0.05 **p≤0.01. D) Cell lysates derived from asynchronous cultures of indicated 

strains were assessed by western blotting using an anti-SUMO antibody to assess 

SUMO conjugate profiles. Gsp1 is a loading control. Molecular mass markers are 

shown in kDa. Note all ulp1K352E/Y583H mutations contain a C-terminal V53 tag.  
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5.3 Discussion 

During mitosis, the dividing cell increases phospholipid (PL) synthesis. PLs 

are increased during mitosis, in part by the inhibition of Pah1 (Santos-Rosa et al.,  

2005). Pah1 is the phosphatase responsible for converting PA, the central 

metabolite for the de novo synthesis of PLs, to DAG, which diverts PA away from 

the primary PL synthesizing pathway. The loss of Pah1 activity increases PA levels 

in the ER (Hassaninasab, Han, and Carman 2017) to promote PL synthesis and NE 

membrane expansion (Santos-Rosa et al.,  2005).  Recently, the INM has been 

shown to possess distinct lipid metabolic activities (Haider et al.,  2018; 

Romanauska and Köhler 2018; Antonio D. Barbosa et al.,  2019). In particular, 

enzymes involved in regulating PA levels, including Pah1 and Dgk1, have been 

identified at the INM (Romanauska and Köhler 2018). These observations imply 

that the growth of the NE during the cell cycle may rely on local lipid synthesis at 

the INM in addition to lipids delivered from the ER/ONM.   

In support of this, we have identified SUMOylation as a spatiotemporal 

regulatory mechanism that facilitates the increase of PA at the INM during mitosis 

(Fig. 5-7). We propose that the SUMOylation-dependent increase in PA at the INM 

and expansion of the NE during mitosis (Fig. 5-1, 5-2, 5-3, 5-6) is due to reduced 

interactions between Spo7, Nem1, and Pah1 during mitosis (Fig. 5-11-, 5-12, 5-13). 

These observations identify SUMOylation as an important cell cycle specific 

regulator of NE-membrane proliferation and expand on limited analysis implicating 

SUMOylation in PL synthesis (Liu and Gerace 2009; Felberbaum et al.,  2011).  
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A Siz2-mediated SUMOylation wave increases PA at the INM 

In this work, we show that Siz2-mediated SUMOylation increases PA at the 

INM. Using a lipid biosensor with an NLS-sequence, we were able to monitor 

nuclear PA throughout the cell cycle. Consistent with previous observations, we 

show that under normal conditions, there is little PA at the INM, resulting in the 

PA sensor localizing throughout the nucleoplasm in interphase cells (Romanauska 

and Köhler, 2018; Fig. 5-7). However, as cells enter mitosis, there is an 

accumulation of PA at the INM, which coincides with the expansion and increased 

surface area of the NE (Fig. 5-1, 5-7). The inhibition of Siz2-mediated 

SUMOylation events reduces the mitotic accumulation of PA at the INM and the 

nuclear surface area of these cells (Fig. 5-1, 5-7). Conversely, increasing Siz2-

mediated SUMOylation events causes aberrant PA accumulation at the INM and 

NE expansion (Fig. 5-3, 5-6, 5-8). Together these data support a model in which 

the increase in PA at the INM contributes to the expansion of the NE, as opposed 

to previous reports, which propose NE expansion is due to increased PA levels in 

the ER (Hassaninasab, Han, and Carman 2017). As the INM is capable of lipid 

metabolic activities (Romanauska and Köhler 2018), we propose that during 

mitosis, SUMOylation events promote the production of PA at the INM to facilitate 

the expansion of the NE. However, at this time, we cannot rule out the possibility 

that the PA enriched at the INM during mitosis is derived from the ER, and 

SUMOylation events merely facilitate the diffusion or retention of PA at the INM. 

Whether PA levels are globally reduced or reduced specifically at the INM will be 

important to discriminate between these possibilities. Testing these possibilities 
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will require precise tools to monitor and regulate PA such OptoPD. OptoPD is a 

method that precisely generates PA at specific organelle membranes (Tei and 

Baskin 2020). Using this technology in the presence or absence of Siz2-mediated 

mitotic SUMOylation events could provide important insights into the 

contributions of SUMOylation in PA accumulation and/or generation at the INM. 

Furthermore, because the nuclear localization of Pah1 has been demonstrated 

(Santos-Rosa et al.,  2005; Romanauska and Köhler 2018) and the INM localization 

of the Nem1/Spo7 complex has been predicted (Lusk, Blobel, and King 2007) 

preventing the nuclear localization of these proteins could also provide valuable 

information on the contributions of the INM in PA production and NE expansion.    

Preventing the SUMOylation-dependent enrichment of PA at the INM in 

mitotically delayed siz2S522A mutant cells is reminiscent of phenotypes observed for 

cdc5 mutant cells (Walters et al.,  2014). Analyzing whether cdc5 mutant cells also 

prevents an enrichment of PA at the INM will be important for distinguishing the 

contributions of PA at the INM and mitotic membrane expansion. An interesting 

possibility is that Cdc5 and Siz2 are part of the same regulatory pathway facilitating 

mitotic nuclear membrane expansion. Cdc5 contains several SUMO consensus 

motifs (Q. Zhao et al.,  2014). Cdc5 could also be responsible for the mitotic 

phosphorylation of Siz2, which is necessary for the enrichment of Siz2 at the INM 

during mitosis (Ptak et al.,2021; Chapter 4). As Cdc5 has been implicated in 

promoting SUMOylation events during mitosis (Baldwin et al.,  2009), another 

possibility is that Cdc5 prevents the deSUMOylation of Siz2-mediated 

SUMOylation events during mitosis to promote NE expansion. More work will 
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need to be done to determine whether Cdc5 and Siz2 are part of the same or distinct 

regulatory pathways facilitating mitotic membrane expansion.  

In addition to facilitating NE expansion during mitosis, the accumulation of 

PA at the INM during mitosis can have other important implications for the NE. 

PA regulates lipid-lipid and lipid-protein interactions (Zhukovsky et al.,  2019). 

The increase in PA at the INM during mitosis may favor the formation of a “PA 

microdomain” that favors specific protein interactions during mitosis (Kooijman et 

al.,  2007). As we have previously shown that Siz2-mediated SUMOylation 

promotes NE-chromatin interactions during mitosis (Ptak et al.,2021; Chapter 4), 

an interesting possibility is that PA promotes protein interactions involved in these 

processes. In addition, PA has been shown to function as a pH biosensor in the 

cytoplasm. The pH dependent binding of proteins to PA functions to link membrane 

biogenesis to metabolism, with PA preferentially binding to specific proteins under 

acidic conditions (Young et al.,  2010). Interestingly, the spatiotemporal pH within 

the nucleus of dividing S. cerevisiae dramatically reduces upon entry into mitosis 

(H. Zhao et al.,  2019). Therefore, the SUMOylation-dependent enrichment of PA 

at the INM may function to provide a similar function at the NE during mitosis.  

A Siz2-mediated SUMOylation wave at the INM facilitates NE expansion. 

We show that the enrichment of PA at the INM during mitosis is dependent 

on Siz2-mediated SUMOylation events (Fig. 5-7, 5-8), which functions to reduce 

interactions between Pah1, Spo7, and Nem1 (Fig. 5-11, 5-12, 5-13). Because the 

SUMOylation of a protein can inhibit protein interactions by blocking the 
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interaction sites of other substrates (Moldovan, Pfander, and Jentsch 2006), the 

SUMOylation of Pah1, Nem1, or Spo7 may function to inhibit interactions between 

these proteins. SUMOylation, however, more commonly mediates protein 

interactions by producing binding sites for proteins containing a SIM motif(s) 

(Psakhye and Jentsch 2012). Because Siz2-mediated SUMOylation is predicted to 

generate a SUMO:SIM protein network at the INM (Chapter 4), we propose that 

Nem1 and Spo7 interactions are reduced due to new interactions formed with 

SUMOylated proteins that become enriched at the INM during mitosis. We 

envisage that Siz2-mediated SUMOylation at the INM could enrich interacting 

partners to bind to Nem1 and/or Spo7 independently of SUMOylation or through 

SUMO:SIM interactions. Nem1, for example, has two putative SIM sites that 

overlap with Spo7 interaction sites (Siniossoglou 1998; Q. Zhao et al.,  2014). 

Therefore, Nem1 interactions with Spo7 could be reduced by interactions between 

Nem1 and mitotic SUMOylated proteins at the INM. Another possibility for is that 

Siz2-mediated SUMOylation events are altering Nem1, Spo7, and Pah1 

interactions in the cytosol by retaining an interacting partner at the INM during 

mitosis required for the formation of the Pah1-Nem1/Spo7 complex. Inhibiting the 

nuclear localization of Pah1 or the Nem1/Spo7 complex could provide insights 

between these different possibilities.   

The SUMOylation dependent reduction in Pah1, Spo7, and Nem1 

interactions represents a unique nuclear regulatory system facilitating a mitotic 

increase in PA. As mentioned above, the pH of nuclei are dramatically reduced 

upon entry into mitosis (H. Zhao et al.,  2019). Nem1/Spo7 has optimal activity at 
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an acidic pH (Antonio Daniel Barbosa et al.,  2015). Therefore, Siz2-mediated 

SUMOylation events at the INM may be required to overcome pH changes within 

the nucleus that would favor Nem1/Spo7 activity. Testing whether Siz2-mediated 

SUMOylation events alter nuclear pH levels during mitosis will be of interest to 

determine the contributions of pH on PA accumulation at the INM (H. Zhao et al.,  

2019).  

Scs2 regulates lipid metabolism through interactions with multiple FFAT-

containing proteins. 

Scs2 is an integral ER membrane protein that interacts with the FFAT-motif 

of its interacting partners. Scs2 interacts with FFAT-motifs through its N-terminal 

MSP domain (Christopher J.R. Loewen and Levine 2005). We have previously 

shown that interactions between Scs2 and Siz2 are facilitated by MSP:FFAT 

interactions to re-establish chromatin interactions at the NE during mitosis (Ptak et 

al.,2021; Chapter 4). Our work here shows that Scs2MSP:Siz2FFAT interactions also 

regulate PL synthesis. These observations are reminiscent of other MSP:FFAT 

interactions between Scs2 and interacting partners. In the cortical ER, Scs2 interacts 

with the FFAT-motif of Osh3 to facilitate the formation of PI (Stefan et al.,  2011) 

and PC (Tavassoli et al.,  2013) at the plasma membrane. Whereas interactions in 

the peripheral ER between Scs2 and the FFAT-motif of Opi1 promotes the 

transcription of UASINO containing PL synthesizing genes (Christopher J.R. 

Loewen, Roy, and Levine 2003; J. H. Brickner and Walter 2004). Thus, Scs2 

functions as an important receptor at multiple subcellular locations and with 

multiple FFAT-containing proteins to regulate PL metabolism. The subcellular 
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localization and regulation of these different interactions are essential for regulating 

specific aspects of lipid metabolism, including, as identified here, the temporal 

increase of PA at the INM. 

During inositol starvation, PA at the ER increases; this causes the 

relocalization of Opi1 to the NE/ER, where it interacts with PA and Scs2. The 

interaction of Opi1 with PA and Scs2 at the NE/ER causes the derepression of 

UASINO containing PL synthesizing genes by preventing Opi1 from inhibiting the 

transcriptional activators of PL synthesizing genes (C. J.R. Loewen et al.,  2004; 

Hofbauer et al.,  2014; Gaspar et al.,  2017). The mitotic increase of PA at the INM 

(Fig. 5-7) and INM localization of Scs2 (Ptak et al.,2021; Chapter 4) would be 

predicted to cause the relocalization of Opi1 to the NE. However, the relocalization 

of Opi1 during mitosis has not been observed (C. J.R. Loewen et al.,  2004), nor 

has a mitotic increase in the transcription of UASINO containing PL synthesizing 

genes (Rowicka et al.,  2007). We reason that during mitosis, the interactions of the 

MSP domain of Scs2 with the FFAT-like motif of Siz2 (Ptak et al.,2021; Chapter 

4) outcompetes the ability of Opi1 to interact with Scs2 at the INM. Additionally, 

interactions  of Opi1 with PA are facilitated by PA with C:16 acyl chains (Hofbauer 

et al.,  2014). The composition of PA at the INM during mitosis may represent C:18 

acyl chain-based PA, as Acc1 activity, which is increased during mitosis (Blank et 

al.,  2017), shifts PL metabolism towards C:18 acyl chains. Therefore, Opi1 

interactions with PA and Scs2 at the INM may not be sufficient to cause Opi1 

enrichment at the INM and the derepression of UASINO containing genes during 

mitosis. Overall, these data suggest that the mitotic increase in PL biosynthesis at 
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the INM is independent of transcription. This is consistent with our previous 

observations (Chapter 3 & Chapter 4) that show Siz2-mediated SUMOylation 

events regulate cellular functions independently of transcription. Rather 

SUMOylation appears to facilitate the increase of PA at the INM for PL synthesis 

by reducing interactions between Pah1, Spo7, and Nem1 (Fig. 5-11, 5-12, 5-13). 

Collectively, these observations suggest that at the INM, interactions with Scs2, 

through its MSP domain, regulate lipid metabolism independently of Opi1.  

Because the rapid diffusion of PLs can occur within the ER/NE membrane, 

specialized mechanisms must be in place to maintain the distinct PL composition 

of the INM. In metazoan cells, the spatial restriction of CNEP-1 (homolog of 

Nem1) to the NE generates a "lipid concentration gradient," where PI 

concentrations are highest at the plasma membrane and lowest at the NE 

(Bahmanyar et al.,  2014). Scs2 may establish a similar “lipid concentration 

gradient” to maintain the unique lipid composition of the INM through its 

interactions with different FFAT-containing proteins at different subcellular 

compartments. The interaction of Scs2 with the FFAT-like motif of Siz2 facilitates 

PA accumulation at the INM in mitosis (Fig. 5-7). In contrast the loss of these 

interactions during interphase decreases PA at the INM available for PL production. 

At the same time, Scs2 interactions with the FFAT motif of Osh3 at the cortical ER 

enhances PI and PC production at the plasma membrane (Stefan et al.,  2011; 

Tavassoli et al.,  2013). In this way, Scs2 may establish lipid concentration 

gradients to regulate the unique lipid composition of INM throughout the cell cycle.  
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Overall, we have identified SUMOylation as a novel regulatory mechanism 

that facilitates the expansion of the NE during mitosis. We have shown that 

SUMOylation reduces interactions between Pah1, Spo7, and Nem1 to facilitate the 

mitotic increase of PA at the INM. As Siz2-mediated SUMOylation events at the 

INM are dependent on interactions with Scs2 at the INM, our work highlights the 

unique role of Scs2 in PL metabolism at the INM.  
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Chapter VI: Perspectives 
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6.1 Synopsis 

Overall, our work here shows that SUMOylation at the INM regulates 

numerous cellular processes, including the expansion of the NE (Chapter 5) and the 

reassociation of chromatin to the NE (Chapter 3 & 4). The overall goal of this thesis 

was to identify SUMOylation events at the NE, characterize the biological 

functions of these events, and identify regulatory mechanisms that facilitate these 

events. We have identified numerous Siz2-mediated SUMOylation targets at the 

NE, including Scs2 and Sir4. We have identified several regulatory mechanisms 

that facilitate Siz2-mediated SUMOylation events at the NE, including the binding 

of Siz2 to the activated INO1 locus at NPCs (Chapter 3) and the binding of Siz2 to 

its INM receptor, Scs2, during mitosis (Chapter 4). Importantly, we have 

characterized the SUMOylation machinery required for both the SUMOylation 

(Siz2) and deSUMOylation (Ulp1) of these targets. We show that these 

SUMOylation and deSUMOylation events regulate the formation of chromatin 

interactions with the nuclear membrane (Chapter 3 & 4) and regulate the expansion 

of the NE (Chapter 5). Overall, we show that SUMOylation is an important 

regulator of NE structure. In this chapter, the implications of our results in NE 

structure will be discussed.  

6.2 Mitotic SUMOylation at the INM may establish the INM proteome. 

Siz2-mediated SUMOylation events at the INM facilitates numerous 

protein interactions to generate a SUMO:SIM protein network (Chapter 4). We 

have shown that the formation of this SUMO:SIM protein network re-establishes 

chromatin interactions with the INM during mitosis to promote the proper spatial 
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organization of the genome in newly formed cells. The formation of these 

chromatin-NE interactions may also be important for establishing the INM 

proteome. Most integral INM proteins appear to be enriched at the INM by the 

diffusion-retention model (Boni et al.,  2015; Ungricht et al.,  2015; Smoyer et al.,  

2016). Within this model, integral proteins below a certain size threshold diffuse 

across the POMs and are retained at the INM by interactions with chromatin. Siz2-

mediated SUMOylation events at the INM during mitosis may retain INM proteins 

by promoting their interactions with chromatin, as seen with Sir4, or by integrating 

these proteins into other macromolecule complexes at the INM.  

In this way, Siz2-mediated SUMOylation events may act as a “glue” to 

capture and retain proteins at the INM during mitosis. As yeast undergo closed 

mitosis, the expanding NE may need to be repopulated with INM proteins. This 

could be enhanced by Siz2-mediated SUMO:SIM interactions. These SUMO:SIM 

interactions may promote the initial formation of macromolecule complexes. Once 

incorporated into these complexes, these proteins can be maintained at the INM 

following mitotic exit to become part of the INM proteome in the newly formed 

nuclei. Alternatively, these SUMO:SIM interactions may promote a unique INM 

proteome during mitosis, which are lost or reduced by deSUMOylation during 

mitotic exit. The formation of an INM proteome unique to mitosis may be necessary 

to regulate specific nuclear mitotic functions. For example, Siz2-mediated 

SUMOylation events may facilitate protein-lipid interactions that prevent the 

lateral diffusion of lipids from the INM to the ONM, allowing the mitotic 

enrichment of PA at the INM to occur, and thereby NE expansion (Chapter 5). The 
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SUMOylation-dependent retention of a protein at the INM during mitosis might 

also be required to regulate specific cytoplasmic functions. For example, enhancing 

the retention of Scs2 to the INM during mitosis by SUMOylation may be necessary 

for regulating the amount of Scs2 available for other mitotic functions in the 

cytoplasm (Christopher J.R. Loewen, Roy, and Levine 2003; Chao et al.,  2014; 

Neller et al.,  2015; Omer, Greenberg, and Lee 2018; Ng, Ng, and Zhang 2020).  

Investigating whether the INM proteome is altered in a Siz2-dependent 

manner or throughout the cell cycle, using systems previously used to characterize 

the INM proteome (Smoyer et al.,  2016), could have important insights into the 

contributions that mitotic SUMOylation events have in establishing the INM 

proteome and additional functions that these SUMOylation events may regulate.  

6.3 Siz2-mediated SUMOylation at the INM functionally connects chromatin 

binding to the INM with NE expansion. 

The expansion of the NE/ER membrane has been proposed to occur at the 

membrane adjacent to the nucleolar region (Campbell et al.,  2006; Witkin et al.,  

2012), with the tethering of DNA to the NE outside of these regions allowing these 

regions to resist expansion (Campbell et al.,  2006). Consistently, we show that 

Siz2-mediated SUMOylation events at the INM are required for chromatin 

association with the NE during mitosis (Chapter 4). The loss of these chromatin 

interactions coincides with the lack of nuclear expansion at membrane regions 

adjacent to the nucleolar region. Conversely, increased Siz2-mediated 

SUMOylation events at the INM enhance chromatin interactions with the NE 
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(Chapter 4) and promote NE expansion (Chapter 5). These results suggest that Siz2-

mediated SUMOylation events coordinate NE-expansion and NE-chromatin 

interactions. One mechanism through which SUMOylation could coordinate these 

two processes is by producing new protein interactions and complexes at the INM 

with proteins involved in both processes.  

Interestingly, Esc1, an INM-associated protein, has been shown to have a 

dual role in telomere tethering and lipid metabolism (Hattier, Andrulis, and 

Tartakoff 2007; Andrulis et al.,  2002), with the overexpression of Esc1 promoting 

the expansion of the INM (Hattier, Andrulis, and Tartakoff 2007). Esc1 facilitates 

G1-phase telomere tethering by interacting with Sir4-associated chromatin. 

Because Siz2-dependent SUMOylation of Sir4 facilitates M- and G1-phase 

telomere tethering (Ptak et al.,  2021), it is tempting to speculate that Esc1 may 

function as a NE anchor that facilitates interactions between proteins involved in 

NE expansion, such as Spo7/Nem1, and proteins involved in telomere tethering, 

such as SUMOylated Sir4. If Esc1 interacted with either Nem1 or Spo7, increased, 

Esc1 protein levels, which promote INM expansion (Hattier, Andrulis, and 

Tartakoff 2007), could disrupt Nem1 and Spo7 interactions similar to what is 

observed when SUMOylation events at the NE increase (Chapter 5). Whether these 

Esc1 interactions are dependent on SUMO:SIM protein networks established 

during mitosis is unclear, but are a possibility as Esc1 contains both a putative SIM 

and SUMO site (Q. Zhao et al.,  2014). Interestingly, Esc1 is excluded from regions 

of the NE where membrane expansion occurs, and the exclusion of Esc1 from these 

regions is lost when Siz2 is absent (Lapetina et al.,  2017). As telomeres are unable 
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to access these regions, normal Esc1 localization may ensure that it can interact 

with telomere tethering components and PL synthesizing components. The loss of 

Esc1 exclusion from the NE adjacent to the nucleolus would reduce the availability 

of Esc1 to interact with these components and could account for the loss of telomere 

tethering and NE expansion phenotypes that occur when Siz2 activity is absent. 

Determining whether Esc1 is part of the Scs2-Siz2 complex or SUMO:SIM protein 

interaction network at the INM will be of interest for future investigation. 

Identifying protein interacting partners of Spo7 and Nem1 dependent on Siz2-

mediated SUMOylation, and the subcellular localization of these proteins, is also 

predicted to provide important insights into how SUMOylation coordinates the 

expansion of the NE with NE-chromatin interactions.  

6.4 Scs2 is an essential receptor at different subcellular compartments. 

VAP family proteins, such as Scs2, bind to FFAT (two phenylalanines in 

an acidic tract) motifs in interacting partners through their N-terminal MSP (major 

sperm protein) domain (Christopher J.R. Loewen, Roy, and Levine 2003; 

Christopher J.R. Loewen and Levine 2005; Kaiser et al.,  2005). The function of 

Scs2 at different subcellular compartments is dependent on interactions with 

different-FFAT containing proteins (Christopher J.R. Loewen et al.,  2007; Stefan 

et al.,  2011). In the cortical ER, Scs2 interacts with the FFAT-motif of Osh3 to 

facilitate the formation of PI (Stefan et al.,  2011) and PC (Tavassoli et al.,  2013). 

Whereas interactions in the peripheral ER between Scs2 and the FFAT-motif of 

Opi1 promotes the transcription of UASINO containing PL synthesizing genes 

(Christopher J.R. Loewen, Roy, and Levine 2003; J. H. Brickner and Walter 2004). 
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Our work here shows that interactions between Scs2 and Siz2 are also facilitated 

by MSP:FFAT interactions at the INM. We show that phosphorylation near the 

FFAT-like motif of Siz2 enhances its binding to the MSP domain of Scs2 (Goto et 

al.,  2012; Kumagai, Kawano-Kawada, and Hanada 2014; Weber-Boyvat et al.,  

2015; Kirmiz et al.,  2018; Di Mattia et al.,  2020). As a result, the mitotic 

phosphorylation of Siz2 regulates a cell cycle specific interaction with the MSP 

domain of Scs2 to facilitate NE expansion (Chapter 5) and NE-chromatin 

interactions (Chapter 4). It is interesting to note that in addition to the mitotic 

functions of Scs2 at the INM, there are also mitotic functions for Scs2 within the 

cytosol, including regulating the inheritance of the cortical ER and establishing an 

ER diffusion barrier (Christopher J.R. Loewen et al.,  2007; Chao et al.,  2014; 

Neller et al.,  2015; Omer, Greenberg, and Lee 2018; Ng, Ng, and Zhang 2020). 

Therefore, an overarching role for Scs2 may be to facilitate the division of 

membranes between mother and daughter cells during mitosis. The SUMOylation 

of Scs2 may be necessary to coordinate the nuclear and cytoplasmic functions of 

Scs2 in membrane division.  

Our observations that Siz2-Scs2 interactions at the INM are specific to 

mitosis suggest that Scs2 could interact with other nuclear FFAT-containing 

proteins to facilitate additional nucleoplasmic functions during interphase. 

Identifying the FFAT interactome of Scs2 at the INM may be critical to elucidating 

the mechanisms by which Scs2 facilitates NE expansion and/or NE-chromatin 

interactions and identifying additional functions for Scs2 in the nucleus. The 

position, sequence, and score of predicted FFAT-like motifs of INM proteins 
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(Murphy and Levine 2016) may provide important insights into the identity of these 

interactors.  

We show that Scs2-Siz2 interactions facilitate NE expansion by causing a 

temporal increase of PA at the INM (Chapter 5). As Scs2 has been shown to interact 

with numerous PA-binding proteins (C. J.R. Loewen et al.,  2004; Riekhof et al.,  

2014), Scs2 may function to enhance PA levels at the INM and promote PA-binding 

proteins’ interactions with the INM during mitosis. Identifying the interactions of 

Scs2 at the INM could identify novel PA-binding proteins required for various 

nuclear specific events. Siz2 may be a PA-binding protein itself as its accumulation 

is coordinated with the INM increase in PA. However, as the enrichment of Siz2 at 

the INM in the ulp1 mutant is not maintained (Fig. 5-4) in interphase when PA 

accumulation is still observed at the INM, this may not necessarily be the case. 

Another potential INM associated protein capable of binding PA, which may 

interact with INM associated Scs2, is Chm7. Chm7 has recently been shown to bind 

to PA at herniations that form when NPC assembly is disrupted (Thaller et al.,  

2021) where Chm7 is proposed to function in a nuclear surveillance mechanism 

that promotes NE sealing (Thaller et al.,  2019; 2021).  Investigating whether Scs2 

interacts with Chm7 and contributes to this nuclear surveillance mechanism would 

represent an additional function for Scs2 at the INM. Therefore, identifying all 

interacting partners of Scs2 at the INM, in addition to FFAT dependent interactions, 

will be crucial for identifying the nuclear specific functions of Scs2 at the INM. 

Recent advances in proximity-labeling in yeast (Larochelle et al.,  2019; Yi Li et 

al.,  2020) may provide a feasible method to identify these INM interactions.   
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Overall, Scs2 and other members of the VAP (Vesicle-associated 

membrane (VAMP)-Associated Protein) family have a diverse interactome. 

Importantly, consistent with our results, this interactome is expanding to include 

proteins at the INM (James and Kehlenbach 2021). Future analysis of the Scs2 

interactome will likely provide insights into additional functions for Scs2 at the 

INM and may elucidate conserved VAP protein functions within the nucleus.  

6.5 SUMOylation at the INM during mitosis may be regulating other biological 

processes.  

Our analyses have identified Scs2 and Sir4 as Siz2-mediated SUMOylation 

targets at the INM. The binding of Siz2 to the INM, however, also facilitates the 

SUMOylation of several other detectable but, as of yet, unidentified species (Fig. 

4-3). As Siz2-mediated SUMOylation and interactions with SUMOylated Scs2 is 

predicted to generate a SUMO:SIM protein interaction network (Chapter 4), these 

unidentified SUMOylation species may interact with the Siz2-Scs2 complex. Mass 

spectrometry analysis to identify NE-proteins that interact with and are 

SUMOylated by Siz2 during mitosis would provide important insights into how 

SUMOylation regulates the biological processes described here and identify 

potentially additional functions for these SUMOylation events. These may include 

regulating other NE-chromatin interactions such as rDNA and centromeres, or as 

identified in Table 4-2, the regulation of retrotransposons.   

Interestingly, there is an even distribution of Siz2-dependent SUMOylation 

conjugates at the INM during mitosis (Fig. 4-1). Although this even distribution 

may represent SUMOylated Scs2, we predict that it also represents other Siz2-
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mediated SUMOylation targets that are likely involved in additional functions 

beyond those described in this thesis. For example, the SUMOylation patterns at 

the INM do not accumulate in foci like Sir4 or other telomere tethering components.  

It is tempting to speculate that these SUMOylation targets at the INM may be 

lamin-like structures. S. cerevisiae appears to lack a discernable nuclear lamina. 

However, lamin-like functions have been proposed for several yeast protein-

interaction networks (Diffley and Stillman, 1989; Strambio-de-Castillia, Blobel and 

Rout, 1999; Taddei et al.,2004; Taddei and Gasser, 2012; Niepel et al.,2013; Van 

De Vosse et al.,2013). In metazoan cells, lamins provide the nucleus with 

mechanical strength and provide attachment sites for chromatin. Furthermore, the 

SUMOylation of lamins is important for maintaining nuclear shape (Zhang and 

Sarge 2008), similar to the role that Siz2-mediated SUMOylation targets at the NE 

regulate (Chapter 5). Lamins are also crucial for the attachment of chromatin to the 

nuclear periphery. Moreover, SUMO:SIM interactions in mammals are required to 

recruit lamin A to telophase chromosomes (Moriuchi et al.,  2016; Moriuchi and 

Hirose 2021) in a manner analogous to those events reported here (Chapter 4). 

Therefore, Siz2-mediated SUMOylation events during mitosis may establish a 

lamin-like network that facilitates chromatin reassociation and contributes to the 

mechanical strength of the NE (Schreiner et al.,  2015). These SUMOylated targets 

with lamin-like functions could include the already identified SUMOylated 

proteins, Scs2 and Sir4. Interestingly, Sir4 has been proposed to facilitate lamin-

like interactions in yeast (Diffley and Stillman, 1989). Future work to identify other 
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Siz2-mitotic SUMOylation targets may identify lamin-like protein networks within 

yeast.  

Overall, the data described in this thesis has revealed a previously 

unrecognized mechanism by which cells coordinate multiple events during cell 

division, including chromatin association with the NE (Chapter 4) and NE 

membrane proliferation (Chapter 5). Future work discussed here will expand on 

these analyses, provide insights into mechanisms that facilitate these functions, and 

potentially identify additional roles for Siz2-mediated SUMOylation at the INM.  
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