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Abstract

The compartmentalization of subcellular functidaslitates the regulation
of biochemical reactions anzkllular processe§ he compartmentalization of the
eukaryotic genométo the nucleus byhe nuclear envelope (NHpr example,
facilitates varioudDNA metabolic activities The NE is composed of two lipid
bilayers: an outer nuclear membrane (ONM) and an inner nuclear me&mbran
(INM). The INM provides an environment fothe proper regulation and
organization of interacting chromatin In Saccharomycescerevisiag INM-
associated chromatin includes telomeresspatific transcription#y activegenes.
Multiple mechanisms are employed to tether these chromatin regions to the INM,
including posttranslational modifications. SUMOylation & posttranslational
modification linked toregulatingthe spatialorganizationof chromatin relative to
the nuclear periphery Therefore, w investigated the contributions of
SUMOylation in mediating chromatin interact®with the INM in response to
specific cellular eventdNe observed thaictivation ofaninducible genelNO1, is
accompanied by alterations in the SUMOylation of proteins associated with
specific regions along th&O1 locus. Furthermore, we show that the E3MO
ligase Siz2 is requiredo facilitatethese SUMOylation events and targetii©1
locus to thdNM. Following these analysgwe further investigated Siz2 and Siz2

mediated SUMOylation evenéd thelNM.

We found that Siz2 is predominantly distributed throughout the
nucleoplasm duringnterphaséutis recruited to thé&NM during mitosiswhere it

binds and SUMOylates several proteins, including Scs2. Scs2 is an integral



membrane protein found throughodtet endoplasmic reticulum (ERand by
analyses hereghe INM. We show that a putative FFAT motif in Siz2 is requited
interact with the MSP domain of Sc&hese interactions afarther supported by
the mitotic phosphorylation of Siz2 anthe SUMOylation of Scs2by Siz2
Formation ofthe Scs2Siz2 complex at the INM during mitosis drives the
accumulation of SUMQonjugatesat the INM including SUMOylatedScs2and
other specificproteins The mitotic SUM@lation of these proteinsupports the
assembly and anchorage of subtelomeric chronaatitthe activatedINO1 at the
INM during the later stages of mitosis aheé subsequerd1l-phase.The mitotic
SUMOylation of these specific proteirssalso required for the proliferation of the
NE. These SUMOylatiorvents facilitate the accumulation of phosphatic @A)
at the INM during mitosis by altering specific protein interactiors of PA
metabolismregulators In summary,we have uncovered previdysundefined
spatal andtemporaly regulatedSUMOylationevents mediated by Siz? the NE
during mitosis. These events functiorstgpport andoordinate multiplgorocesses
necessaryfor establishing nuclear envelope structuiacluding chromatin

association with the NE andembrane proliferation.
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Chapter I: Introduction



1.1 The nuclear envelope

Within eukaryotic cells, specific cellular processes are compartmentalized
into membrandound organellesOne such organelles the nucleus which
encapsulates the eukaryotic genome and all DB@endent processdhenucleus
is bounded by double lipidmembrane termed the nuclear envelope (V&g NE
establishes a barrier between the nucleoplasm and cytoptasiprovides a level
of regulatory control over the genonidetwo lipid bilayers of theNE includean
outer nuclear membrane (ONM) and an inmegclear membrane (INM), which are
separated by a lumal or perinucleaspace. The ONM is exposed to the cytosol
and is continuous with the endoplasmic reticulum (ERatson, 195p The
membrane continuity between the ONM and thedliBws lipids synthesied in
the ER to diffuse to the NEhis continuity also results ithe ONMhaving a similar
proteome as thER. However, the ONMiso containgroteins not enriched in the
ER (Hetzer, Walther, and Mattaj 2005hcluding those thamediate interactions
with the cytoskeletonDregeret al., 2001)andinteract with proteins ahe INM
through theNE luminal spacéStarr and Han 2003; Wilhelmsehal., 2006) The
INM is exposed to the nucleoplasm and contains a protéuatis largely distinct
from the proteome of theONM. However, the INM proteome can also include
proteins that are also distributdddugh the INM and ERDeng and Hochstrasser
2006; Smoyeet al., 2016) The proteome of the INN& retainedin part,through
interactions with chromatin. Interactions of the INM proteome with chroncatin
influence chromatin structure, gene expression, and the spatial organization of the

genomgStrambieDe-Castillia, Niepel, and Rout 201Van de Vosset al., 2011)



Factors contributing to the spatial organizatairthe genomend the functional
consequences of this organization will be discussedin 1.

Despite functioning as eritical 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 bastedlished by the NE
allowing materialsto move into and out of the nuclelBOMs are membranes
where the INM and ONM areontinuousihis generates a channel across the NE
into which NPCs are situated. NP@sgulate the bdirectioral transport of
macromolecules into and out of the nucleus. The NPCs are discussed in greater

detail below (1.11).

1.11 Nuclear pore complexes

NPCs are lage protein complexes that are exceptionally well conserved
among eukaryoteg®). Yang, Rout, and Akey 1998; Raattal., 2000; Kabachinski
and Schwartz 2015NPCs are composed of approximatelydsfferent proteins,
collectively referred tas nucleoporins or Nuplslups are present in multiple copies
within the NPC and can beroadly partitioned into three groupsised on their
localization and associated function within NPCs. These incRao®s, core
scaffold Nups, ad FGNups. Poms are integral membrane proteins positioned
within thePOMsthat recruit soluble Nups and anchor the NPC to théAtEhison
and Rout 2012; Kabachinski and Schwartz 2015; Onischenkb, 2009) Core
scaffold Nups form the eiglaid symmetrical framework of the NPC that interacts

with FG-Nups and Pom¢Rout et al., 2000) Core scaffold Nups stabilize and



anchor the NPC to the NE and facilitate the membrane curvature observed at the
POMs (Alber et al., 2007; H. Wanget al., 2016) FG-Nups are unstructured Nups
containing phenylalaninglycine (FG) repeats. FGBups line the central channel

of NPCs forming a dense barrier which fhtates 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 sequenceotifs, termed nuclear localization sequencBd.§s) or
nuclear export sequences (NESs), and nuclear transport faxtovercome the
entropic barrier created by FSups (Knockenhauer and Schwartz 2016)
Extending from the nucleoplasmic face of the NPCs is a distinct set of filaments
which together with specific FGlups, and the MIpl and Mlp2 proteins (termed
Tpr in vertebrates) forms the nuclear basket. The nuclear basket provides an
attachment site forarious NPC associated proteins involved in a diverse range of
processes includingnucleocytoplasmic transporfosttranslational processes,
genome stability, chromosome segregation, and transcriptional reg\faabyret

al., 2004; louket al., 2002; Scottet al., 2009; Dilworthet al., 2005; Lewis,
Felberbaum, and Hochstrasser 2007; Lughia., 2007; Niepekt al., 2013; Regot

et al., 2013; Ptak, Aitchison, and/ozniak 2014; Palancad# al., 2007; Wélde

and Kehlenbach 2010)

Nups themselves are also involved ather nuclear processes beyond
nucleocytoplasmic transport, including various chromeggulated functions
(Ptak and WozniaR016) Nups can contribute to these various biological processes

within the context of NPC@>tak, Aitchison, and Wozniak 2014 distinct entities



in the nucleoplasntKalverdaet al., 2010; Buchwalter, Kaneshiro, and Hetzer
2019; Ibarra and Hetzer 201&0d as distinct subcomplexes at the (N&petinaet

al., 2017) In yeast, genes strongly induced by changeswironmental conditions

are localized to NPCs where they interact with specific Nups. The role of NPCs in
these interactions will be discussed id.1n mammalian cellghe association of
specific Nups with active gendss been shown to occur in thacteoplasm
(Kalverdaet al., 2010; Capelsoret al., 2010) More recently,a distinct Nup
subcomplextermed the Snup complekas been shown to regulate interactions
with telomeregLapetinaet al., 2017) Telomeres will be discussed irb1Overall,

Nups possess many functions beyond their canonical role in nucleocytoplasmic
transport, and these unique functions are not necessarily dependéneion

association witiNPCs.

1.12 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 organizatigDregeret al., 2001; Van de Vosset al., 2011)
Lining the nucleoplasmic face of the INM in highankaryotes is a polymer
network of intermediate filaments called lamins (lamin A/C and lamiw&gh
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

(Dechatet al.,, 2008; Shimiet al., 2010; Gruenbaum and Foisner 2018y



contrast, most singleell eukaryotes such asS.cerevisiag appear tdack a
discernable nuclear laminBlowever, lamirdike functions have been proposed for
several yeast proteimteraction networkgDiffley and Stillman, 1989Strambio
de-Castillia, Blobel and Rout, 1999; Taddsial.2004; Taddei and Gasser, 2012;

Niepelet al.2013; Van De Vosset al.2013)

Proteins areproposed to bedistributed to the INM by one of two
mechanismssequence baseddrgeting or the diffusiometention pathway. The
transport of soluble INMassociated proteireecursthrough the NPC by sequence
based targetingndnuclear transport proteiffgatta, Smoyer, and Jaspersen 2014;
Ungrichtet al., 2015) Lamins are among the soluble proteins imported into the
nucleus (Hennekeset al., 1993) Similarly, sequencéased targetingor
karyopherinmediated import of integral membrane proteins along B@Mlso
utilized (Ohbaet al., 2004; King, Lusk, and Blobel 2008)Jowever, most proteins
appear to benriched at the INMthediffusion-retention mechanisifiowell and
Burke 1990; Bonet al., 2015; Ungrichtet al., 2015; Smoyeet al., 2016) In the
diffusion-retention mechanispintegral membrane proteiriselow a certain size
threshold are distributed to the INM hiffusion across the POM. The likelihood
that a protein will diffuse across the POBMkpendson the size of its
cytoplasmic/nucleoplasmic domais ths domain increases in size, the protein is
more likely to encounter the barrier imposed by the NE&osillam and Worman
1995; Ohbeet al., 2004; King, Lusk, and Blobel 2006; Lusk, Blobel, and King
2007; Zuleger, Robson, and Schirmer 20Pigteins that diffuse into the INM are

then mantained byinteractions with chromatin, the nuclear lamina, or other nuclear



proteins(Soullam and Worman 1995; Gruenbaemal., 2003; Ostlundet al.,
2006; Zuleger, Robson, and Schirmer 2011; Ungrathal, 2015; Boniet al.,

2015)

1.1.3The NE during mitosis

By the end of interphasa,cell will have duplicateds genomewhich will
then need tde divided between the mother and daughterdigihg mitosis In
order to facilitate the segregation@NA during mitosissignificantmorphological
changes to the NEnhust occur. Mitosis can be broadly categorized as open or

closed, based aihechanges in NE structutbat occur

Many higher eukaryotes undergo opmitosis. 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 modificaitmspecific Nups, INM proteins,
and lamins. Thesphosphorylatioreventsdisrupt NEinteractions with chromatin
andresult in the dispersion of the NBembrane and Nssociategbroteins into
the connected ERHetzer 2010)Membranesnust be sepated fromchromatinfor
proper chromosome compaction and segregationoccur during mitosis
(Champioret al., 2019) During this timethere is also an increase in phospholipid
synthesiswhich is essential foprogression through mitosad the expansion of
the NEmembrane¢Lin and Arthur 2007; Scagliet al., 2014 Rodriguez Sawicki
et al., 2019) As cells progress through metaphase and enter anapiesly,
synthesizedNE membranes begin to reassociate with and enclose the sedregat

chromatin. he binding of INM proteins to chromatin medisthe reassembly of
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the NEand theformation of the nuclear compartmesit{Hetzer 2@0). Specific
chromatin interactions with the INM ensatée properspatialorganization of the
genomen the newly formedhuclei(Falket al., 2019; Politz, Scalzo, and Groudine

2013; Poleshket al., 2013; 2019; Crabbet al., 2012)

Organisms such &.cerevisiaeundergo 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 anaphasas the intranuclear spindle elongafése intranuclear assembly
of the mitotic spindle requires that the microtubaiganizing centers, spindle pole
bodies (SPBs) i5. cerevisiagare anchored to the inner side of the NE, and that
tubulin dimers are diwely transported into the nucleuSimilar toopen mitosis
there is an increase in phospholipid synthesis dudluged mitosis which
facilitates the expansion of the NEampbellet al., 2006; Witkinet al., 2012)
Likewise, chromatin interactions with the NE aaésolost as cells enter mitosis
andthen reestablished during the later stages of mitasiilar to open mitosis
(Larocheet al., 2000; Ebrahimi and Donaldson 2008; Donna Garvey Brickner and

Brickner 2010; Donna G. Brickner and Brickner 2012)

Therefore, a highlighted abovgwo significantfactors contributing téhe
structure of thé&lE during mitosids the expansion of the NE atitk establishment
of chromatin interactions with the NE. Phospholipid synthesis and the factors
known to contribute to the expansion of the NE are discusse@.irfChromatin
interactions with the nuclear periphery and the role of these interactions will be

discussedn 1.3, 1.4,and1.5.



1.2 NE/ER membrane expansion
Phospholipids (PL) comprise the majority of membranes in yeast.
Phosphatidic acid (PA) is theential metabolitefor de novoPL synthesis. As a

result, PA is aessentiategulator of membrane biogenesis.

PA is composed of a glycerBtphosphate backbone to which two fatty
acids (FAs) are esterifieétAs can be derived either frode novosynthesis, the
hydrolysis of complex lipidghedelipidation of proteins, or from external sources
De novosynthesiof FAs occursprimarily in the cytosalby the sequential action
of the acetylCoA carboxylase, AcclHasslacheret al., 1993) and the FAS
complex which is composed of B& and Fas2 subunitStoops and Wakil 1978;
Leibundgutet al., 2008) FAsundergo elongation and desaturation in the ER before
they areusedto produce PAKlug and Daum 2014pA is then used as a precursor
for the synthesis of PLs with thieet hydrophilic head group attached to PA dafin
the PL produced The majo PLs in yeast include phosphatidylcholine (PC),
phosphatidylethanolamine (PE), phosphatidylinositol (PI), and phosphatidylserine
(PS Carman and Han 2011; Henry, Kohlwein, and Carman 20d3)east,PLs
are primarily produced by theytidine diphosphatediacylglycerol (CDP-DAG)
pathway which converts PA to CDIPAG using CTP The conversion of PA to
diacylglycerol (DAG) will channel PA primarily towards lipid storad€ig. 1-1;

Carman and Han, 2011)

1.2.1 Phospholipid synthesis during mitosis
Due to its central role in membrane biogeneRi levels are increased to

facilitate PL synthesis and the expansion of the dNEEing mitosis During mitosis
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PA is increasetly enhancedle novdatty acid (FA) synthesis. The mitotic increase
in FA (Scagliaet al., 2014; Rodriguesawickiet al., 2019; Blanket al., 2017)
promotes the production d?A and PLswhich are incorporated into the NE
(Walterset al., 2014; Rodriguez Sawiclat al., 2019; Scaglieet al., 2014) In
yeast the increase in FA synthesis is regulated by the incremaedlation of
MRNAs encodinghe FA prodwcing enzymesAccl, Fasl, and FagBlanket al.,
2017) The mitotic increase of PA is also facilitated by preieg 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 thePA phosphatasevhich dephosphorylates PA
to convert it to DAG. The phosphatase activity of lipinsvigal for regulatingthe
NE during mitosis. Ir5. cerevisia@andS. pombgwhich undergo closed mitosis,
lipin activity is inhibited to promote PL synthesis and-BMpansior(SantosRosa

et al., 2005; Makarovaet al., 2016) In mammals, the loss of lipin causes defects
in NEBD (Golden, Liu, and CoheRix 2009; Mallet al., 2012) The regulation of

lipins is discussed igreater detail below (1.2.2).
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Figure 1-1. Schematic representation ofphosphatic acid regulationin S.
cerevisiae The figure depicts the pathways for the synthesis of phosphotipils
their precursor phosphatidic acid (PAA is portioned between the GIDAG
pathway and the DAG pathway. The BIDAG pathway is involved imle novo
production of phosphatidylserine (PS), phosphatidylethanolamine (&g,
phosphatidylinositol (PI). ThhDAG pathway can provide the cell with PE and PC
through the Kennedy pathway or TAG and lipid drop(&fd), for lipid storage
Conversion of PA to DAG is regulated by the phosphatase Pahl and its activating
complex Nem1/Spo7. Dephosphorylation of Pahlthey Nem1/Spo7 complex
leads tahemembrane association and activatid®ah1 The phosphorylated form

of Pahl is indicated by white circles, with kinases directing phosphorylation of
Pahl indicatedConversion of DAG to PA is regulated by the kinase D@k
(glycerol), Ins (inositol), Glc (glucose), Eth (ethanolamine), Cho (capliREtn
(phosphoethanolamine)-®&ho (phosphocholine)Adapted from(Kwiatek, Han,

and Carman 2020)

11



1.2.2 Pahland lipins

In yeast, multiple lipiphosphate phosphatases can dephosphorylate PA
(Carman 2019)However the regulation oPA utilized inPL synthesis is attributed
solely to the phosphatase, Pgl®brger and Daum 2003; Han, Wu, and Carman
2006; Fakat al., 2011; Choiet al., 2012) The enzymatic activity of Pahl was
first shown inS. cerevisiagY. P. Lin and Carman 1989)hich, led to the
identification of lipin proteins in mammal(Péterfyet al., 2001; Han, Wu, and
Carman 2006)There are three lipin paralogs in mamsfhlpin 1-which has three
isoforms, Lipin 2and Lipin 3). These nammalian paralogs have distinct but
overlapping functiongDonkoret al., 2007)and can rescue a h fhgmotypesn
yeast(Péterfyet al., 2001) The membrane association and activity of both Pahl
and mammalian lipinsreregulated by their phosphorylatigriuffman, Mothe
Satney, and L awetaln20e6; Hali®tal;, 200/0 Gtimsewt

al., 2008; Choiet al., 2011, Petersoat al., 2011; Choiet al., 2012)

The phosphorylation of Pahl inhibits its activitps exemplified bya
phosphodeficient Palrhutant whichhas increased phosphatase acti¢itp 6 Ha r a
et al., 2006) Pahl is phosphorylated at many sites and by numerous kinases. The
phosphorylation oPahl by Pho8%ho80,Cdkland PKAinhibits Pahl function
by preventing its association withembranesnd therefore PA (SantosRosaet
al.,2005; Chokt al.2011; Haret al.2012;Suet al.2012. Phosphorylation of Pahl
by Pho8586 and PKA reduces its phosphatase activity, and the phosphorylation of
Pahl by PKC promotes the degradation of Pahl by the 20S prote@é$sigtect

al., 2015; Su, Han, and Carman 20IPh)e association of Pahl with the promoters
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of PL synthering genesand its role in regulating the transcription of these genes,
is also regulated byits phosphorylation(SantosRosa et al., 2005) The
transcriptional regulation of PL synthesizing genes will be discussed in greater
detail below (1.2.4.1)he mitotic phosphorylation of Pahl by Cdk1 is proposed to
inhibit Pah1 activity during mitosis to promote NE expang®antosRosaet al.,

2005)

The reduction of Pahl and lipin activity causegdBHEexpansionTange,
Hirata, and Niwa 2002; Golden, Liu, and CoHer 2009; Gorjanacz and Mattaj
2009; Petersomt al., 2011; Bahmanyaet al., 2014) In yeast, the loss of Pahl
activity causeshetypically spherical nalei to becomeéregularly shapedwith the
expansion of th&lE/ER membrane occurring eg¢gions adjacertb the nucleals.
The expansion of the NE/ER at these regions results nuclear extension or
Af | &Sine@ssoglou 1998; Santdtosaet al., 2005; Campbelkt al., 2006;
Witkin et al., 2012) It has been proposed that the tethering of DidAhe NE
outside of these regiomsay facilitatetheir abilityto resist expansio(Campbellet
al., 2006) with rDNA tethering to the NE not contributing to the formation of the
flare (Walterset al., 2014) More recently howeverthe tethering of rDNA to the
NE in specificmutant backgrounds was shown torbguired for thdormation of
nuclear extensiongMale et al.,, 2021) Therefore, he formation of nuclear
extensions in yeast is likely due to increased PL synthesis and ghextedh
interactionswith membranesMetazoans do not display these nuclear membrane

extensions upon lipin inhibitiofFagone and Jackowski 2009)
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1.2.3The Nem1/Spo7complex

In yeast Pahl is dephosphorylated and activated by the Neml/Spo7
complex( O 6 Heaal.,2006; Chokt al.,2011; 2012; Su, Han, and Carman 2014)
Neml/Spo7 are integral membrane proteins localized to the NETHR
Neml/Spo7 complexdephosphorylates Pahl and promotbe membrane
associatiorof Pahl Nem1 is the catalytic subunit, while Spo7 is the activafo
the holoenzymé Siniossoglou, 19985antosRosaet al.2005) The efficiency of
Pah1l dephosphorylation lblye Nem1/SpoZomplexis dependent on pFAntonio
Daniel Barbosaet al., 2015) the phosphorylation of the Nengbo7 complex
(Dubots et al., 2014; Deyet al., 2019; Suet al., 2018) and the kinase
phosphorylation site within Pal{Hsiehet al., 2016; Su, Han, and Carman 2014)
Membrane association of Pahl is dependent on both dtiteres with the
Neml/Spo7 phosphatase comp(&aranasiost al., 2010; Dubotst al., 2014)
and the association of its amphipathic helix with membrélasanasioset al.,
2010) CNER1 inC. elegansand CTDNEP1 in humangvhich are homologues to
Neml,are also enriched at the NE, where tdephosphorylate anggulate the

NE-associated pool of lipilBahmanyaet al., 2014; Mertaet al., 2021)

1.2.4Pahl-Nem1/Spo7 and membrane expansion

The loss oPahl activity, either through the loss of Pghla(h) brdirough
the loss of the Nem1/Spo7 complexd m1 o )sgswWisimihe expansion of the
NE/ER(Siniossoglotet al.,1998; SantofRosaet al., 2005; Campbelkt al., 2006;
Witkin et al., 2012) The expansion of the NE/ER in these mutants is the result of

increased PA in the ERHassaninasab, Han, and Carman 2@hd) ncreased PL
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synthesigHan, Wu, and Carman 2006; Falesl., 2011; Pascual, SotGardalda,
and Carman 2013)The increased PA generatbg the loss of Pahl or the
Nem1/Spo7 complex serves as a precursor for PL synthesis through tHeATDP
pathway. As a resylthe loss of Dgklthe kinase that phosphorylates DAG to PA
and opposes Pahl activiggan rescu¢he NHER expansion phenotype pfa h 1
cells(Hanet al., 2008) The increased PAaused by the loss Bah1 activityalso
facilitates the derepression of PL synthesizing gédas, Wu, and Carman 2006;
Han, Siniossoglou, and Carman 2007; Safosaet al., 2005; Han and Carman

2017)to furtherpromote the increasegaoductionof PLs.

1.2.4.1 The Henry regulatory circuit
The transcriptional control of P&ynthesizinggenes occurs via the Henry

regulatory circuit. PL synthesizing genes in the Henry regulatory cirouniiirs
an inositofresponsive upstream activatirgequence (UARo element) The
UASino is bound by the Ino2/Ino4 heterodimengich activates these gened he
Ino2/Ino4 heterodimer themselves are boun@®bpil, whichinhibits transcription.
Interestingly, Pahl has also been shown to associate withraheters of PL
synthesizing genesyhereit is predicted to have an inhibitory functiam the

expressiorof these geneSantosRosaet al., 2005)

In growth conditions where the levels of PA are relatively high, such as
during inositol depletiofC. J.R. Loeweret al., 2004) or when Pahl activity is
inhibited, UASno-containing genes are derepsed due to #hrelocalization of
Opil to theNE/ER membrane The relocalization of Opil to the NE/ER
dependent othe interaction oOpilwith PA at the ER antheinteractionof Opil

15



with the integral ER membrane protein, S¢sbfbaueret al., 2014; C. J.R.
Loewenet al., 2004; J. H. Brickner and Walter 200Zhe interaction oOpilwith

Scs2 is dependent on a FFAT motif (two phenylalanines in an acidic tract) within
Opil which interacts with tle conserved MSPmajor sperm proteinflomain of
Scs2(Christopher J.R. Loewen, Roy, and Levine 2003)e ScsZpil complex

also interacts with Yet¥et3 at the ERJ. D. Wilson, Thompson, and Barlowe
2011) The loss of ScsPpil interactions or the loss of Yet3 causes the
nucleoplasmiclocalization of Opil and the repression of the Henry regulatory
circuit (C. J.R. Loewert al., 2004; J. D. Wilson, Thompson, and Barlowe 2011;

Gaspatret al., 2017)

Altering PL synthesis, through the losé Ino2 or the overexpression of
Opil, rescusthe nuclear/ER expansion phenotypgad h delip(SantosRosaet
al.,, 2005) Theseobservatios suggest that the increased transcription of PL
synthesizing genes artially responsible foexpandingthe NE/ER membrane.
However, the derepression of UAScontaining genes cannot solely account for
the formation of nuclear extensigréd the expansion of ttiNE/ER membrane as

o p i Mutant cells have round nucleiO 6 Heaal.,&2006)

1.2.5Phospholipid synthesis at the INM

The membranes of various organelles have a distinct lipid composition
This includesthe asymmetric distribution of lipids within membranes, whaah
facilitate customizedunctions of these membran@serrazet al., 2021; Pomorski
and Menon 2006; Klugred Daum 2014)Interestingly the INM has been shown to

havea distinct lipid compositiorfHaideret al., 2018; Romanauska and Kdohler
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2018; Antonio D. Barbosaet al., 2019) The unique lipid composition of the INM
would require a system to overcome both the latenal transversdiffusion of
lipids from the ONM/ER. Thisould be established by a physical barragrdbr
spatially restricting lipid synthesizing enmmgs to specific subcellular
compartmentgBahmanyar and Schlieker 202BOMs may provide a physical
barrier to prevent the diffusioof lipids between the INM and the ONM/ERhe
positive curvature generated by the NPCs at these regiapfavor the diffusion

of specific lipids while sterically hindering the diffusion of lipids with large or
charged head group3he spatial restriacin of lipid synthesizing enzyme®
specific subcellular compartments suchtlas nucleuscan also contribute tothe
unique lipid composition at the INM. In yeast, the nuclear localization of Pahl and
Dgkl promotes the production of PA and DAG at the IlRbmanauska and
Kohler 2018) The nucleat o c al i z at icamtributes ftatheCuBigue lipid
composition of the INM byontrolling PC homeostasis at the INMaideret al.,
2018) Restrictirg lipid synthesizing enzymés other subcellular regiomsay also
facilitate the formation of a unique INM lipid composition. For example, the NE
localization of CNEPL/CTDNEP1 (Nem1l homologues responsible for the
dephosphorylation and activation of lipinsgreases lipin actity at the NE(Kim

et al., 2007; Bahmanyaet al., 2014) This decreases local concentrations of PA at
the NE, restricting Pl to the peripheral ER and establisadiggadient of high PI
levels at the plasma membrane and lowl®&lels at theNE (Bahmanyaret al.,
2014) Interestingly, yeast ERontact sites at the plasma membrane facilitate local

Pl production(Stefanet al., 2011) suggesting that the gene
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concentration gradientsoOoO may be a conservVvec

of theuniquelipid compositionof the INM. Despite the emerging rotd the INM
in lipid metabolism, it is still uncleawhat contributions lipid synthesis at the INM
has on various aspects ME biogenesis, includingstcontributonsto the mitotic

expansion othe NE

Lipids not only provide the appropriate environment for membrane
proteins, but lipigprotein interactionsancontribute to protein structure, folding,
stability, and function(Renard and Byrne 2021; Laganowsky al., 2014)
Thereforejnvestigaing what contributiondipids at thdNM haveon the proteome
of the INM and regulating the Nfassociated functions of these proteinsjuding
theregulaton of the spatial organizatiaf the genomaevill be an important area

of future research.

1.3 Spatialorganization 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 NWG&dson, 195h These
observations demonstrate the aamdom 3D distribution of the genome within the
nucleus and highlight the importanafthe NE as a landmatrin this organization.

The 3Ddistributionof chromatin within the nucleus determined by the
overall functional status of the chromatin and the interactions of chromatin with
constraining architectural elemen{listeli 2020) Thus, the clustering of
heterochromatinat the nuclear periphery depends on interactions between
heterehromatin and the interactions of heterochromatin with the nuclear periphery.
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The nonarandom spatial organization of the genome algpearsmportant forits
reguation. This issuggested, in parby the observations that changes in genome
positioning patterns occur in response to developmental and environmental signals
(Parada, McQueen, and Misteli 2004; @exet al., 2006; Ragoczt al., 2006;
PericHupkeset al., 2010; M. Chen and Gartenberg 2014; Rantisechliff et al.,
2016)

Chromatin isa complex of DNA and proteins hierarchically organized
across a spectrum of levels. The organization afrolatin at all hierarchical levels
affects the regulation and spatial organization of the genome. The first level of
chromatin organizatiors nucleosomes. Nucleosomeansiss of ~150bp of DNA
wound around an oaner of histone proteins. Thstone tails within nucleosomes
are subjected to posfanslational modifications such as acetylation,
phosphorylation, and methylatiowhich is proposed to influence the accessibility
of DNA to transcription factors (TSFAllshire & Madhani, 2018)The next level
of organization involves the folding of chromatin loops, which will then assemble
into topologically assoating domains (TADs). TADs are dynamic chromatin
domains correlated with genomic functspmcluding transcription and replication
(Hansenet al., 2018) The genome can then be divided into two broad spatial
compartments calleccompartment A and compartment. B\ compartment
associated regions or TADs preferentially associated with other A compartment
associated regionsind B compartment associated TADs preferentially associate
with other Bcompartment TADsThese different compianents are enriched for

specific characteristics thatdicatetheir chromatin state or functional status. For
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example,compartment B igenerally composed of repetitive DNA sequences, is
genepoor, has a late onset of replication, and is enriched farifepéistone
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 bodliesther estabBhesthe spatial organization of
the genome. Nuclear bodies, such as the nucleolus, splegtay speckles, and
PML bodies, are highly dynamic structures whose structural integrity is mediated
by transient interactionéMisteli 2020) These nuclear bodies regulate various
cellular processs but canalso influence the spatial organization of the genome.
The nucleolusfor examplejs thesite ofrDNA transcription and ribosome subunit
assemblybut, is alsoan importantarchitectural element involved in the spatial
organization of thgenomeFor exampletDNA is clustered into the nucleolus, and
tRNA genes preferentially localize to regions ribarnucleolus. Heterochromatin
like regions in mammalian cells are also associated with the periphery of the
nucleolus(Németh and Langst 2011hus,nuclear bodies, such as the nucleolus
are important regators of thespatial organizationf the genomeHowever, within
the context of NEtructure which is the focus of this thesthe spatial organization
of the genome relative to the nuclear periphery and the functional implications of

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

Interactions ofchromatin with the nuclear periphery contribute to the
organization of the genom@&he nuclear laminaegulates the organization of the
genome byinteracing with laminaassociated domains (LADs) of chromatin.
LADs exhibit heterochromatin features suchHas gene density, high AT content
late replication timing, and the enrichment of repressive histone modifications.
Histone modifications enriched at LADs inclualevo (me2) or three (me3) methyl
group addition tdhistone H3 lysine 9 (H3K9me2/3) or lysine 27 (H3K27me3).
These histone postranslational modificationfacilitate the association afADs
with lamins throughheinteractions of HP1, the protein that recognizes and binds
to methylated H3K, and lamiasseiated proteingPoleshkoet al., 2013; 2019;
Olinset al., 2010; Makatsorét al., 2004) These interactions ensure ttiaspatial
organization of the genome is inherited during cell division arestablished
before mitotic exit(Poleshkoet al., 2019) With the loss of laminsl&ering the
spatial organization of the genome, includirggpositioning peripheral genam
regions to the nuclear interi@dikolova et al., 2004; Zhenget al., 2018)

Despite lackig a nuclear lamina, the spatial organization of the yeast
genome is also dependentdmwomatininteractions with the nuclear periphery. In
yeast, the spatial organizatiohthe genomes largely regulated by the Ralike
organization othromosomegRodleyet al., 2009; Duaret al., 2010) This Rab}
like configuration is characterized by the tethering eftcomers to the SPB
which results irtheir rosettepairing or clusteringf centromereat one pole of the
nucleus. Chromosome arms then extend outwards from the tethered centromeres

towards the opposite pole of the q€)l. Yang, Rout, and Akey 1998; Zimmer and
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Fabre 2011)The ends of chromosomes (telomeras) clustered into foci and
anchored to the NE through twedundant pathwayd addei, Schober, @nGasser
2010) The clustering of telomeres into foci is dependamtelomere lengtiand
interactions betweeNE-associategbroteins(Therizolsaet al., 2010; Duaret al.,
2010; Zimmer andFabre 2011) Together the tethering and clustering of
centromeres angtlomerescontribute to the spatial organization of the genome by
bringing chromatin from several chromosomes together and anchoring them to
distinct regions at the NH.elomere 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. Regiws underlying NPCs are associated with euchromatth,specific
Nups preventing heterochromatin from invading these dhMiapelet al., 2013;
Krull et al., 2010) Super enhancers, which are regulatory structures thattdave
expression of genes involved in specifying dadintity, are also associated with
Nups at the nuclear peripherflbarra 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; Calmlal., 2006; Taddeet al., 2006;
Donna Garvey Bricknegt al., 2007; Ahmeckt al., 2010; Lightet al., 2010) These
genes will be discussed in greater detail.f 1L

Chromatin interactions with the nuclear periphergave important
functional consequences on the genome, including regulating the transcriptional
activity of these regions. riificially tethering genont regions to the nuclear

periphery for example, catead to repressiofMaillet et al., 1996; Andruliset al.,
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1998; Kumaran and Spector 2008; Finktnal., 2008; Reddyet al., 2008)
Corsistently laminagenome interactions alest during the activation of specific
chromatin regiong¢PericHupkeset al., 2010) In yeast, the loss of N&ssociated
regions of the genomesuch as telomergdas alsobeen associatedwith the
derepression of these regig@shdrulis et al., 1998; Taddei, Schober, and Gasser
2010; Van De Vosset al., 2013) Telomeres ar&ommonly used to assess
chromatin regulation at the NEnd will be discussed in greater detail in
15. 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 associatbtRNA with NPCs during Mphase
(M. Chen and Gartenberg 2014)Moreover, nducible genes such
asGALlandINO1lrelocalize from the nucleoplasm to the NPQipon
transcriptional activationThe interactions of these loci with specific Nupan
promote robust expressi@d. H. Brickner and Walter 2004; Taddial., 2006;
Donna Garvey Brickneet al., 2007; Ahmedet al., 2010; Texariet al., 2013;
Randse-Hinchliff and Brickner 2016)The regulation of yeast inducible genes will
be discussed in4.1

Although organized in a nerandom nature, the positioning of the genome
is not static, and chromatin undergamstantiocal dynamic motion. Liveell
microscopy in yeagHerbertet al., 2017; Heuret al., 2001)and mammalia cells
(Chubbet al., 2002; J. Chemet al., 2014)showthe constant motion athromatin.
In yeast, apid timelapse imaging and tracking of chromatin show that thezat

least two types of chromatin motion: small random movements (#8.%vithin
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1.5 sec) that constantly occur as well as larger movements that occur less frequently
over short time inteals ( >0.5um in a 10.5 sec intervakieun et al.2001)
Chromatin dynamics appear to beducedby different constraints, including
interactions with the nuclear periphdiyeunet al., 2001; Bystrickyet al., 2004;
2005) This chromatin is still dynamjicbut becones constrained to a two
dimensional sliding movement thatestricted to a peripheral zo(tdedigeret al.,
2002; Gartenbergt al., 2004; Cabakt al., 2006; Taddeet al., 2006; Neumann
et al., 2012) As aresult, unconstrained chromatin will haven unresitrcted
subdiffusivemovement over time and will therefore, be ableaiodomly explore
the volume of the nucleus more theconstrained logs As a resultif the nucleus
is divided into concentric zones of equal volyrae unconstrained los will be

equallydistributed arongthe zones(Hedigeret al., 2002)

1.4 Transcriptionally active chromatin at NPCs

The association of NPCs with euchromatin led to tgenegating
hypothesis" proposed by G. Blobel in 1985 The-gadtgeng hypothesi so
that patches of euchromatin formed by interactions between sN&@i
transcriptionally active portions of the genommay function to coordinae
transcription and mRNA expo(Blobel 1985) This hypothesis may accurately
describe the mechanism for coordinating transcription and mRNA exp&t in
cerevisiaeasspecific NupgAhmedet al.2010; Brickrer & Brickner, 2010; Cabal
et al.2006; Light, Brickner, Brand, & Brickner, 2010)MRNA export factors

(Cabal et al.2006; Dieppois & Stutz, 2010; Kohler & Hurt, 2007and
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transcriptional coactivatofto et al., 2005; Cabaét al., 2006; Luthreet al., 2007)

areassociated with NPCs

1.4.1 Yeastinducible genes

The localizationof active genes to the NPCs has been shown for various
inducible genes in yeastoinciding with the etivation of these inducible geniss
the relocalizationof these genefrom the nucleoplasm to NPCs where their
mobility is constrainedCabalet al., 2006; Taddeet al., 2006) Interactions with
specific Nupsand NPC associated factoran then promote robust expression
(Taddeiet al., 2006; Donna Garvey Bricknat al., 2007; Ahmecdet al., 2010;
Light et al., 2010; Texarkt al., 2013; Donna Garvey Bricknet al., 2016)

The NPC association of inducible gengsch ascALlor INO1requires a
DNA element known as a gene recruitment sequence (GRS). A GRSitsent
to target an ectopic locus to NP@dmedet al., 2010) However, additional TSFs
are required to facilitatehe appropriate relocation of inducible genes upon
activation(RandiseHinchliff et al., 2016) Several of these TSEsemodified by
a posttranslational modification known as SUMItion. Regulating the
SUMOylation state of these TSFhas been shown to be important for the
appropriate relocalization and activation béinducedGALL1 locus (Rosonina,
Duncan, and Manley 2010; 2012; Texarial., 2013) SUMOylation and itsole
in transcriptional activation will be discussed in greater detail below (ERp
sequences also facilitatee interchnromosomal clustering of loci containing the
same GRSYBrickner & Brickner, 2012) Therefore, a GRS regulates the spatial

organization of chromatin on multiple levels.
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INO1targeting to thenuclearperiphery requires either a GR8r GRSII
sequence, whicls bound by the repressors Put3 and Cbfl, respectjBeigkner
& Brickner, 2012) Cells must lack both GR$ and GRS Il sequences to
preventiNO1targeting to the NPC upon activation. Under repressive conditions
(presence of inositolJNO1is bound by Opil, Ume6, and Rpd3(L), which blocks
Put3 binding to the GR$ sequence(RandiseHinchliff et al., 2016) Upon
activation (depletion of exogenous inositol), the repressors dissociate, allowing
Put3 and Cbfl to bind to the GR&ssulting inthe relocalization oiNO1to the
NPCs. Put3 and Cbfl are requiredtfoelocalization but notor the transcriptioal
activationof INO1 (Brickner & Brickner, 2012; Graves & Henry, 2000jhus,
gene position and transcription are coupled, but distinct elements and factors
mediate themConsistently theassociation ofctive inducibldoci with NPGs is
not necessary for expressi@@abaletal., 2006; Taddekt al., 2006; Saiket al.,
2020) andthe loss ofoci association wittNPCs upon activationloes not result in
the nuclear accumulation of mMRNA&hmed et al.2010; Brickneret al.2016)
These results indicate that the fAgatingo
necessary for efficient mMRNA production and export.

Interestingly,upon activatiorthe subnuclear distribution of these inducible
loci areregulated in &ell cycledependent manner.clivatediINO1landGALlare
released from the periphery inphase with chromatin interactions being-re
established during mitosis. The phosphorylation of specific NPC components by
cyclin-dependent kinases regulates tedl cycledepadent interactions of these

active genesvith NPCs(Brickner & Brickner, 2012; Brickner & Brickner, 2010)
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Thecell cycledependent localization of these geteethe NPCss reminiscent of
thecell cycledependent anchoring of subtelomeric chromatin to the NE. Whereby
subtelomeric chromatin association with the NE is gisoposed to bae-
established during mitos{sarocheet 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 facilitatecell cycle dependent chromiat interactions at the NE.
Telomere tetheringnechanismsill be discussed in (5.3).

Inducible loci will remain bound to the NPCs for several hours following
inactivation.The NPC association of these loci following inactivation alldfes
loci to reactivate with faster kinetics in a process known as transcriptional memory
(Lightetal., 2010 ; D6 Ur s o a.rbdringBransccighiona memarQ 1 7 )

poised RNA Pol Il PIC are bound to promoters to enhaneerdte of future

reactivationLightetal.,2 01 0; Li ght and Btal,20nhFerr 201 3;

some genes such @AL1L,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 loopare stabilized by MIpl and are thought to facilitate reactivation
by retaining TSFs(Brickner et al.2007, 2016; TaWong, Wijayatilake, &
Proudfoot, 2009)For other genes such idO1, transcriptional memory requires a
DNA sequence known as a memory recruitment sequence (MRS). When going
from activating to repressive conditions, the $1IBnds TSFs, which facilitates the
incorporation of other factors required for reactivatiorD 6 Uet @19 2016;

D6Urso and Brickner 2017)

27

D



15 Telomeres

As discussed above (1.3.lhteractions 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 organizatiothe genome. In contrast
to S. cerevisiaewhere telomeres are normally tethered to the NE throughout the
cell cycle, mammals principally anchor telomeres transiently in megigskgerthan
et al., 1996) although interactions of telomeres with the nuclear matrix have been
reported in different contex{®e Lange 1992; Dechat al., 2004; Kamnker et

al., 2009; Crabbet al., 2012; Chojnowsket al., 2015; Noordermeest al., 2018)

Telomeres consist of repetitive DNA sequences and nucleoprotein
structures positioned at the ends of chromosomelemeres protect the ends of
chromosomes from degradation, recombinatammd DNA repair pathways. The
structureof telomeres and the functional roles of telomereS.inerevisiaavill be

discussed in greater detail below.

15.1 Telomere structurein yeast

Telomeres consist of repite telomeric DNA sequences aradG-rich
repetitive DNA sequenc&v h i ¢ h f singlestraadedBoderhandelomeres in
yeast are composed of ~300 to 350 of TG.3 DNA repeats, followed by a-3'
orientated &ich singlestranded overhang of approximately-1® nucleotides.
Telomeric repeat sequences are free of nucleosomes and are bound by the DNA

binding protein, Rapl every 18 bpAdjacent subtelomeric chromatin regs
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contain subtelomeric repeat elements thi@ organized into nucleosomes. The

amincterminal tails of histones in subtelomeric chromatin are hypoacetylated

relative to histones elsewhere in the genditeam and Zakian 2002 here are

two classes of subtelomeric repeat elements in yelaish arec al | ed Y& and X
elementsBothY 6 and Xcomdnemeohemously replicating
elements are found as single or tandem repeats of 2 to 4 bope® not found in

all telomeresX elementar e variabl e i n -X6d zree fhbauat caomd ad rn
found in all telomered-istone density and nuice o s ome di stri buti on at
el ements differ, with Y& elements being sh

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

Telomere capping involves binding proteins to telomeric DNA sequences
to prevent the ends of chromosomes froeing recognized adoublestranded
breaks Proteins that function in telomere capping include Rapl/@Ridrcard et
al., 2008; Bonettet al., 2010; Cornacchiat al., 2012) the yKu compleXBonetti
et al., 2010; Mimitou and Symington 2010and the Cst complegKupiec 2014)

The Cst complex binds to the singigandedoverhang, while the yKu complex
and Rapl bind to doubkdranded telomeric DNA. Telomere association of Rifl
occurs through interactions with thet€minus of Rap{Mishra and Shore 1999)
The uncapping of telomereausedy the loss or mutations these proteingesults

in telomere endbeinginappropriatelyrecognizecasdoublestranded DNA breaks

(Mieczkowskiet al., 2003; Pardo and Marcand 2005; Marcahal., 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 molecmi&ining

a short template sequen(eanscribed fronTLC1; Singer and>ottschling, 1994

Lin et al.,2004)that isadded onto the 3' &ich simgle-stranded overhang. The
addition of these repeats ortelomeresprevents the continual shortening of the
chromosome with each round of replication. Only short stretches of the RNA
template are copied in each rou@rstemann & Lingner, 2001; Liet al.2004)

and rot all telomeres are extended by telomerase eSergase(Teixeiraet al.,

2004) The recruitment of telomerase is promoted by interactions with the yKu
heterodimer(Stellwagenret al., 2003; Ferreiraet al., 2011)and the Cst complex
(Pennock, Buckley, and Lundblad 2001; Tseng, Lin, and Teng 2006;e$.aL|

2009) Conversely, telomrase interactions with telomeres are inhibited by Pifl and
Rifl/2. Rifl/2 is proposed to antagonize telomerase by fRapXcounting
mechanismi This mechanism provides a method to monitor and maintain telomere
structure and |cauntiggmechanisnd t he &@mRapit of
bound to telomeres is dependent on the amount of Rapl bound to telomeres.
Because Rapl binds telomericTG repeats every 18ps, longer telomeres will

have more Rap1/Rif bound to inhibit telomerase activity, whereaseskeldmeres

will have less Rap1/Rif bound to inhibit telomerg@lsevy and Blackburn 2004)

In addition to the functions outlined abgvee structure of telomeres also
facilitates the formation of heterochromalike regionsto promoe thesilencing
of subtelomeric regions. The structure of telomeres also promotes the tethering of

these regions to the INMvhich further enhances the transcriptional regulation of
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these regions arfdnctions tcestablish the spatial organization of the genddmth

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

1.5.2 Telomeresilencing in yeast

Telomeric DNA repeatsand adjacent subtelomeric chromatin, dasr
features of repressive chromatifertebrate telomeres and subtaleric chromatin
are enriched with heterochromatin histone marks, including the trimethylated (me3)
H3 histone at lysine 9 (H3K9me3). cerevisiaelack this major histone
modification Insteadthey contain a SIR complex that represses transcription and

forms heterochromatilike regions(Kupiec 2014)

The transcriptional silencing @ultelomeric chromatinn yeast,requires
the binding otthesilent information regulatory (SIR) proteifiacludes Sir2, Sir3,
and Sird)to the Gterminus of telomere bound Raf¥oretti et al., 1994) The
binding of Sir4 to Rapl allows Sira NAD dependent histerdeacetylaseto
deacetylate H3 and H4 histoneghin these region§Tannyet al., 1999; Imaiet
al., 2000) The deacetylation dfi4 lysine 16 H4K16) specifically promotes the
binding of Sir3(Liou et al., 2005; Buchbergegt al., 2008) This, in turn, facilitates
multiple rounds of SIR complex recruitment, whereby Sir2 generates additional
binding sites through deacetytat, and the SIR complex can spread into
subtelomeric regiongZimmer and Fabre 2011)Boundary regions prevent
silencing from spreading into sites of &etitranscription.The boundaries at
subtelomeric regionsare establishedthrough the competition between S#?2

mediated deacetylation and Sas2diated acetylation of the histone H4K16
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(Kimura, Umehara, and Horikoshi 2002; Suka, Luo, and Grunstein 2002)
spreading of the SIR complex is also limitgdthe enrichment of 8 proteins into
telomerelocalized compartmentiroughtheirinteractions witthe NE-associated

components required for telomere anchofifgddei and Gasser 2004)

More recently, the idea of SIR complex binding and spreading across entire
subtelomeric regiongo facilitate silencing has been challeng&hther SIR
complex bindingo subtelomeric regions hd&en shown tbe fipatchy w&ith Sir
proteins having the higist level of enrichment at cokeelements and telomeric
repeats. Furthermore, the silencing of subtelomeric genes adjacent to sites enriched
with the SIR complex only represerda smallproportionof subtelomeric genes
(Ellahi, Thurtle, and Rine 2015As a resultSIR-mediated silencinghay not beas
widespread as previously thght However, the SIR complex stélppears to be
required for the lower level of transcription observed at subtelomeric regions
(Ellahi, Thurtle, and Rine 2015Yhe SIR complexnay function toregulae the
transcriptionof these subtelomeric genasresponse twarious agents ounder
differentconditions(Fabreet al., 2005; Ellahi, Thurtle, and Rine 2013)he SIR
complexmay also contribute to silencing suiltelomeric regions in conjunction
with other chromatin factors. Alternativelyhe enrichmentof SIR proteinsat
subtelomeric chromatin may function farimarily 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 pteins facilitates the anchoring of telomeres toNiethroughout
the cellcycle. Similar to the tethering of activated inducible genes to the NREs,
tetheringof telomerego theNE limits the mobility of this chromatinHedigeret

al., 2002)

Telomere association with theENs dynamically regulated throughout the
cell cycle, with differentNE-associated tethetseing utilized during Gland S
phase (Figl-2). During late Sphase, DNA replication causes the delocalization of
telomeres from the NEKEbrahimi and Donaldson 28D Telomeres are then
proposed toreassociate with the NE during the later stages of mi(bai®cheet
al., 2000; Hedigeet al., 2002; Ebrahimi and Donaldson 200Bjterestingly, the
association of telomeres with the NE in mammalian cells has been shown to occur
following mitosis (Crabbeet al., 2012; Noordermeeet al., 2018) These
observations suggest a potentially conserved regulatory pathway facilitating
telomere tethering to the NE during mitodtkawever, a mitotic specific telomere
tethering pathway has yet to be elucidafBde £lomere anchoringathways in
G1- and Sphase in yeadtave been shown t@ccurby two redundant pathways:
the SIRdependent telomere tethering pathway and the-g#pendent telomere

tethering pathway.

The SIRdependent telomere tethering pathwasolvesthe interactions of
Sir4 with various NEassociated proteins. In &ihase, theC-terminus PAD

domain of Sir4 interacts with N&ssociated Escl to facilitate telomere tethering
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(Andrulis et al., 2002; Taddekt al., 2004) The interactionof Sir4 with Escl,
Nupl17Q and other Nups required for telomeréh&xingduring Gtphaseappeas
to occur at distinct Nup subcomplexes, termed the Snup corfiiertinaet al.,
2017) During Sphasetelomere tethering is promoted Bjr4 interactions with
NE-associated Mps@uppet al., 2007) Nup170(Van De Vosset al., 2013)and
the Smc5/6 complefMoradiFardet al., 2016)also faciltates telomere tethering

to the NE by promotingheincorporationof Sir4into subtelomeric chromatin.

The interactions of thgku complex (composed of yKu70 and yKu&@ijh
various NEassociated proteins regulstde yKu-dependent telomere tethering
pathway. The yKu70/80 complex facilitates telomere tethering ipligke through
interactions with Escl and an unknown NE andfiaddeiet al., 2004) While S-
phase telomere tethering is facilitated the interactions ofyKu80 with the
telomerase complex €8) and NEassociated MgB tether(Taddeiet al., 2004;
Schobeeet al., 2009) The SUMOylation of the yKu complex has also been shown
to enhance telomere tethering ipBasgFerreiraet 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 nucleakdiasomponents
Mlp1/Mlp2 (Feuerbaclet al., 2002; Galyet al, 2000) have also been shown to
contribute to telomerassociation withthe NE however these observations were

controversial as they were not reproducitledigeret al., 2002)
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Figure 1-2. Schematic representation of telomere tethering mechanisms at the
NE in S. cerevisiaeTelomeres are tethered to the NE through partially redundant
mechanisms involving the transient interactions of chrortaiimd proteins, Sir4

and the yKu70/80 (yKu) caplex, and INM tethers. During Gihase, telomere
anchoring is mediated through yKu interactions with Escl and an unknown NE
tether. Telomere tethering in Gihase is also mediated through the interaction of
Sird with Escl and Nupl70. Sir4 interactionshaMiscl and Nupl7@ppear to
occur within the Snup complex (complex composed of Siz2, Sir4, Escl, and various
Nups). During $hase, Sir4 tethers telonesmpredominantlyhroughinteractons

with the integral INM protein Mps3. yKu80 tetherstelomeres predominantly
through interactions with telomerase and Mpd@ring Sphase Conjugation of
SUMO (Su) to yKu enhances telomere anchoring duripip&se Components of

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

Posttranslation modifications such as SUMOylation,are versatile
mechanisms thategulate multiple biological functionsincluding many NE-
associated processdsie Small Ubiquitin-like MOdifier, or SUMO, is a conserved
~12 kDa proteirpartof theubiquitin-like family of proteirs. Ubiquitin and SUMO
shareasimilar3 D gl obul ar struct u-graspfoldBayeetd t he ubi
al., 1998; Hochstrasser 2000; Jentsch antbWglakis 2000) which facilitates
their functions as small polypeptide modifiers of target proteins. Similarities
between SUMO and ubiquitadsoextend to the enzymatic pathway tblaémically
activates and conjugatdabese proteins to their targetdowever, unlike the
ubiquitin system, which contains multipnzymes to regulate target specific
conjugation the SUMOylation systemn comparisonis relatively simple
containing significantly fewer enzymes involvediese processemsteadtarget
specific conjugations predicted to be derived from the subcellular localization of

SUMOylation machinery componer(t¥entsch and Psakhye 2013)

1.6.1 SUMO and SUMOylated proteirs

The gene for SUMO encodes a fmmtein, which contains a-@rminal
extension that must be cleaved to producenasure and conjugatable for8. J.
Li and Hochstrasser 20Q3n S. cerevisiaethere is only one SUMO gen8MT3,
while in mammalian cells, there are five putative SUMO genes (SUM(Liang
et al.2016) YeastSMT3and mammalian SUMQ are highly onserved, with

SUMO-1 being able to rescue the lossSMT3in yeast(Yoshimitsu Takahashat
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al.,, 1999) Mammalian SUMGL only shares a ~50% sequence identity with
SUMO-2 and SUMG@G3, while SUMO2 and SUMG3 themselves have a 97%
shared sequencelentity and argetherefore often referred to as SUMQ/3.
Mammalian SUMO paralogs differ in their intracellular distributiozsd target
protein specificity. SUMGL is constitutively conjugated to substrates, while
SUMO-2/3 are preferentially conjugatéd proteins in response to strgSaitoh
and Hinchey 2000; Ayaydin and Dasso 2004}s unclear whether SUM@ and

SUMO-5 are processed into conjugatable forms.

The cleavage of SUMO into iteature and conjugatable foemposes a C
terminal diglycine motif. The Gterminal diglycine motif of mature SUM@an
then beconjugated to aykine in a target proteirSUMOylation can occur at
numerous lysine sites, including those with no apparent ifrtaigeet al., 2002;
Erica S. Johnson 2004 owever, most SUMOylatio sites are found within a
defined motif SUMO is often conjugated to the lysine within the SUMO consensus
mot iKix-DYy E, where y is a hydrophoebidue resi due
(Rodriguez, Dargemont, and Hay 2001; Samp3tiang, 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 tHeUB20
thioester forefficient SUMOylation(S. H. Yanget al., 2006; Mohideeret al.,
2009) The negative charge can be introduced by either phosphorylation
(phosphorylatiordependen8UMOylation motif; PDSM) or by acidic amino acid

residuesrfegatively chargedmino aciddependenS8UMOylation motif; NDSM).
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PDSMs require a nearby phosphorylatesent to increase the SUMOylation of a
substrate(Grégoireet al., 2006; Hietakangast al., 2006) Whereas NDSMs
require the presence o acidicresidueslownstream of the conjugated lysine for
efficient SUMOylation(S. H. Yanget al., 2006) SUMOylation has also been
found to occur at inverte@UMOylation motifs (E/Bx-K-y ) and hydrophobic
cluster RKextDVE), altho(gphow thesealternative motifs facilitate
SUMOylation is not fully understoofMatic et al., 2010; Impenst al., 2014;

Hendriks and Vertegaal 2016)

1.6.2 SUMO Conjugation

SUMOylation results in the formation of an isopept® nd wi-t h t he
amino group of the acceptor lysine in the target prdtihnson & Blobel, 1997)
SUMO can either be conjugated to a target protein (SUMOylation) or itself to result
in the formation of SUMO chains (polySUMOylatioBylebyl, Belichenko, &
Johnson, 2003)SUMO conjugation (Fig. -B) begins with activating mature
SUMO in anATP-dependent mechanisrhhis is facilitatedoy the Elactivating
enzymewhich in yeast is the Aos1/Uba2 heterodimer. The adenylation of SUMO
results in the formatioof a thioester bond between the catalytic cysteine of the E1
enzyme and SUM@Desterroet al., 1999; Erica S. Johnsaet al., 1997; Gonget
al., 1999) The EXSUMO thioester complex can then interact with the E2
conjugating enzyme. There is only one E2 conjugating enzyme, Ubc9, whose
primary sequence is highly conserved acrbsgukaryotesActivated SUMO is

transferred, in a
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Figure 1-3. SUMO maturation and targeting in S. cerevisiaeSUMO 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 thée@minal tripeptide, by

the isopeptidase, Ulpl. This exposes @lgcine motif and produces a mature
SUMO that can then be conjugated to a target protein. Mature SUMO is transferred
to the E1 activating enzym®&ba2/Aoslin an ATRdependent mannésrming 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. SOMiation 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
deSUMOylathg enzymes, Ulpl and Ulp2. Adapted fr@@memona, Sarangi, and
Zhao 2012)
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transesterification reaction, to the thiol group of the active site cysteine in Ubc9
(Johnson & Blobel, 1997; D. Liet al.2002) Ubc9 can then SUMOylate target
proteinson its own, by binding directly to SUMO consensus m¢Bérnier

Villamor etal., 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 SUMQand positioning all components into the optimal conformation required
for conjugation(GeissFriedlander & Méchior, 2007; Johnson, 2004; Yunus &
Lima, 2009) Several proteins have been proposed to be SUMO E3 ligasks
literature However only three classes of SUMO E3 ligases have had
comprehensive biochemical and structural analysisonfirm their status as E3
ligases(Pichleret al., 2017) The three mairtlasses oE3 ligasesaare SPRING,
RanBP2 and ZNF451. RanBP2 is vertebrafgecific and does not resemble any
otherubiquitin enzyme or SUMO ligag®ichleret al., 2004) ZNF451 E3 ligases
are highly specific for SUME/3 conjugation(Cappadocia, Pichler, and Lima
2015; Eisenhardtt al., 2015) While SPRING E3 ligases are the only E3 ligases
conserved from yeast to humans. There are four E3 ligases in $&dstSi2,

Mms21, and Zip3which are all classified as SANG E3 ligases.

All SP-RING E3 ligases have a RING domadjacent to a SP-@rminal
domain (Johnson & Gupta, 2001he SPRING domain is highly similar to
ubiquitinrRING domainsThe SPRING domainbinds to Ubc9 ang required for

SUMO ligase activityX. Zhao and Blobel 20055P-RING ligases also contain a
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SIM motif. The SIM motif may interact with the SUMO of the-ERoester for
optimal orientation and discharg8onget al., 2004; 2005)or facilitate target
specificity and SUMOylation enhancemdmsakhye and Jentsch 201Zhe G
terminus of SFRING ligases have minimal sequence similariyhich helps
facilitate substrate specificitfdJohnson & Gupta, 2001Mms21 is part of the
Smc5/6 complex, which localizes to sites of DNA damage, centromeres, telomeres,
and the nucleoluéX. Zhao and Blobel 2005; Potts 2009Yhile the localization

and target specificitgf Zip3 isregulated by its incorporation into the synaptonemal

complex(C. H. Chenget al., 2006)

Siz1l and Siz2 are considered PIAS-BING E3 ligases due to their
sequence similarity with proteins of the PIAS fami)pinson & Gupta, 2001)
MammalianPIAS SRRING E3 ligases include PIAS4 (Varejaoet al., 2020) In
addition to a SFRING and SIM motif, PIASSRRING E3 ligases also contain a
SAPandPINIT domain. The SAP domain is required for DNA associaiikubo
et al., 2004; Suzuket al., 2009) while the PINIT domain is required for substrate
interactions/specificity anthesubcellular localizatioof the E3 ligas€Yunus and

Lima 2009; Mautsat al., 2011; Duvalet al., 2003; Reindleet al., 2006)

The subcellular localization of SUMO E3 ligasds an important
determinant of SUMOylation target specificity/hile Siz2canSUMOylate septins
in vitro, Siz1l is strictly required for the SUMOylation of septinyivo (Takahashi
& Kikuchi, 2003) This is due to the subcellular localization of SizluriDg
mitosis, Siz1 isexported from the nucleus by Kapl42/Msn5 and subsequently

targeted to septin® facilitate SUMOylation(Makhnevychet al., 2007) Siz2 is
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localizedto sites of DNA damag@Psakhye and Jentsch 20,1&hile Mms21 and
Zip3 target specificity and subcellular localizaticare regulated by the

incorporaton of these ligases into the protein complexes mentioned above.

1.6.4 SUMO Proteases

SUMOylated proteins can be deSUMOylated by SUMO proteadgsh
are also referred to as isopeptidases or deSUMOYyI&§H4O-specific protease
function to cleave SUMO precursors into their mature form and remove SUMO
from target proteins. In yeast, there e SUMO-specific proteases (Ul &
Hochstrasser, 2000; Li & Hochstrasser, 1990d in humans, there are six
sentrin/SUMGQspecific proteases (SENPay, 2007) Ulps and SENPs have a
conserved cysteine protease domain at theéar@inus required for their taytic
activity (Li & Hochstrasser, 1999)n yeast and mammalian celBUMO-specific

proteases differ in thegulxellular distributions and target specificity.

In mammalian cellsSENR1 and SENR2 are responsible faiemoving
SUMO-1-3 and are localized to the NE. Wanget al., 2009) SENR3 and SENP
5 preferentially remove SUMQ@/3 and are localized to the nucleolus. While
SENRG6 and SENF7 preferentially remove SUMQ/3 in thenucleoplasm(Drag
and Salvesen 2008)he two SUMO proteases in yeast, Ulpl, and Ulp2, also have
different subcellular localizations and remove SUMO from distinct sets of
substratesl( & Hochstrasser, 2000; Li & Hochstrasser, 1999)p1l is the C
terminal hydrolase responsible for cleaving@h\T 3precursor into its mature form

(S. J.Li and Hochstrasser 1999;-&. Li and Hochstrasser 2000; S. J. Li and
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Hochstrasser 2002)nd is localized to NPQY¥. G. Panset al., 2003; Y. Zhacet
al.,, 2004; Y. Takahashet al., 2000) Ulpl is essential due to its-t€rminal
hydrolase activity and its role in maintaining free SUKB)J. Li and Hochstrasser
1999; De Albuquerquet al., 2016) Ulp2 is notessentiabndis required for the
disassernly of SUMO chaingEckhoff and Dohmen 2015; Bylebyl, Belichenko,
and Johnson 2003)UIp2 localizes to the utleus and nucleolugSrikumar,
Lewicki, and Raught 2013@and associates with chromatif(s-J. Li and

Hochstrasser 2000; Strunnikov, Aravind, and Koonin 2001)

The subcellular localization of Ulpl and Ulp2 appetr facilitate the
deSUMOylation of specific targe($. J. Li and Hochstrasser 1999:JSLi and
Hochstrasser 2000for example, leering theNPC association dflipl results in
the deSUMOylation ofadditioral substrates by Ulp{Makhnevychet al., 2007,
Sydorskyyet al., 2010; Texarket al., 2013) The association dfilp1 with the NPC
is dependent oits interactions with karyophis (Kap121 and Kap9Kap60) and
specificNups (V. G. Panset al., 2003; Y. Takahashet al., 2000; Makhnevyclet
al., 2007; Srikumar, Lewickiand Raught 2013; Y. Zhaat al., 2004; Palancade
et al., 2007) These interactions are lost during mitosis or under alcohol stress
resultingin the relocalization of Ulpl to septifslakhnevychet al., 2007)or the
nucleolus(Sydaskyy et al., 2010) respectively, where Ulpl facilitates specific

deSUMOylation events.

Posttranslational modifications may also regulate Ulp/SENP substrate
specificity. Ulp2 phosphorylation by Cdc5 during mitosis inhibits Ulp2 activity
(Baldwin et al., 2009) While alterations to SENB ubiquitination in response to
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reactive oxygen species stabilizes the protefadiitate specificdeSUMOylation

eventgKuo et al., 2008; Huanget al., 2009)

1.6.5 Molecular Consequences dUMOylation

The consequences of inhibiti®JJMOylationcan lead to both detectable
and nondetectable changes in the function oStiMOylated proteinin the latter
case, lhis may be due to the fact that mutating the modified lysine may also block
competiive 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 alteative lysine. Furthermore, protein group SUMOylation, which
involves the SUMOylation of many proteins in one pathway or conjiega S.
Johnson and Blobel 1999; Cremona, Sarangi, and Zhao 2012; Psakhye and Jentsch
2012) may be unaffected by thiess of a single SUMOylated proteir\s
SUMOylation and deSUMOylation events are highly dynamic, with less than 1%
of the proteome predicted to be SUMOylated at a given (Enea S. Johnson
2004) low SUMOylation steady states may also contribute to the difficulties in
identifying the function of a SUMOylation eventlowever, @spite these
difficulties, a vast array of cellular processes and the molecular consequences of

SUMOylation hae been estalished.

SUMOylation can regulatihecellular localization, enzymatic activitgnd
stability of a protein (CubefiadPots and Matunis 2013)Many of these

consequences are the result of SUMOylation altering protein interaclibes.
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SUMOylation of RanGAPIfor examplefacilitates its interactions with NP@sd

was the first example of SUMOylation altering the local@atof a protein
(Matunis, Coutavas, and Blobel 1996; Mahajan, Gerace, aeldhiMr 1998;
Mahajanet al., 1997) SUMOylation can also inhib{Pichleret al., 2005; Ryuet

al., 2010)or enhanc€Kirsh et al., 2002; David, Neptune, and Depinho 2002; J.
Chenget al., 2004; Morriset al., 2009)the enzymatic activity of a protein. Because
SUMOylation targets lysine residues, it can compete with other hggiaeific
posttranslatonal modifications such as acetylation or ubiquitination. For example,
the SUMOylation of MEF2A prevents its acetylatiarich results in thenhibition

of MEF2 activity (Shaliziet al.2 0 0 6 ) . Conversely, t he
preventsits ubiquitinmedated degradatiorpromoting its stability (Desterro,

Rodriguez, and Hay 1998)

1.6.5.1 SUMO:SIM interactions

As mentioned aboveSUMOylation often mediates physical interactions.
SUMOylationcaninhibit protein interactions by blocking the interaction sites of
other substrate@loldovan, Pfander, and Jentsch 20086pwever, more common
is the ability of SUMO to promote protein interactions. The most common way
SUMOylation promotes protein interactions is by +omvalent interactions
between SUMO and 8UMO intera&ting motif (SIM) in an interacting partner
(Lascorzet al., 2021) SIMs arehydrophobic regions often surrounded by acidic
amino acidesidueghat weakly bind to SUMQ@Songet al., 2004; Hannictlet al.,
2005;Heckeret al., 2006) The SIM consensus motsf [V/I] -x-[V/I] -[V/I], where

X can be anyesidue Multiple SIM consensus motifs can be clustered in a protein
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to facilitate thebinding of SUMO chains(Sun and Hunter 2012jowever, SIM
motifs are not always utilized amday require additional factors to promote their
utilization. For example,iipspheSIMs requireaphosphorylatiorventnear a SIM
motif tointrodue a negative charge which enhances binding to the positive SUMO
patch(Stehmeier and Muller 2009; Anamika and Spyracopoulos 2016;etlaik,

2011)

SUMO:SIM interactions can facilitate intramolecul8teinacher and Schéar
2005)and intermolecular intertéions (Papouliet al., 2005; Pfandeet al., 2005;
Matunis, Zhang, and Ellis 2006; Psakhye and Jentsch 2@E2MO:SIM
interactionscan also facilitate and strengthethe interactions of macromolecule
assemblieghrough protein group SUMOyWlai on and the formati on
hubso Examplesof protein group SUMOylatiomcludes interactiors within PML
nuclear bodiegMatunis, Zhang, and Ellis 200@nd DNA-damage associated
protein complexe¢Psakhye and Jentsch 201Z2)he f or mat i on of t hese
h u bistldought to be promoted by many weak SUMO:SIM interact{destsch
and Psakhye 2013l is estimated that up to 90% $8UUMO binding proteins with
SIMs are also SUMOylation targe{&onzalezPrieto et al., 2021) This may
explain how SUMO:SIM protein networks enhance SUMOylation events and

amplify weak SUMO:SIM interactions to promatarious biological functions.

1.6.6 SUMOylation and the NE

The characterization of SUMO first occurred when it wWegovered that
there were two versions of RanGAP1; a smaller 70 kDa cytoplasmic version,
consistent with the predicted size of RanGAP1, atatger NPGassociated form,
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which was identified as SUMOylated RanGAfatunis, Coutavas, and Blobel
1996; Mahajaret al., 1997; Bayeket al., 1998) As RanGAP1 is a protein involved

in regulating nucleocytoplasmiransport, the requirement of SUMOylation for the
association of RanGAP1 with the NPCs suggested a link between SUMOylation
and nucleocytoplasmic transport. Over the yeatsdies have supported this
conclusion anddentified additional rolesand targets c§UMOylationat the NE

(V. G. Wilson 2017) For examplethe SUMOylation of lamings involved in
preserving nuclear shagghang and Sarge 2008nhd regulating nucleophagy in
response to DNA damag@¥unong Liet al., 2019) Various laminopathies are also
associated witlabnormalities in SUMOylatiofBoudreauet al., 2012; Kelleyet

al., 2011) NPC formation is affected by SUMOylatigbewis, Felberbaum, and
Hochstrasser 2007; Rouvieseal., 2018) The targeting of eroded telomeres, and
other foms of DNA damage to the nuclear periphery for repegralso regulated
by SUMOylation(Palancadet al., 2007; Psakhye and Jentsch 2012; Churikbv
al., 2016; Horigomeet al., 2016; Seeber and Gasser 2013JMOylation at the
NE is alsocrucial for the spatial organization of the genome. The role of
SUMOylation in the spatial organizatiofithe genomevill be discussed in greater
detail below (16.6.1, 16.6.2). In addition tahose functions mentioned aboaee

a plethora ofother NE-associated events regulated by SUMOylation. However,
numerous SUMOylated INMssociated proteins identifiédvestill not been fully
characterizedqSrikumar, Lewicki, and Raught 2013; Vikram Govind Paeisal.,
2004; Wohlschlegeét al., 2004; Y. Zhaoet d., 2004; Hannichet al., 2005;

Wykoff and .O6Shea 2005)
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In addition to the enrichment of SUMOwat proteinsat the NE is the
association of various SUMOylation machinery components with theslading
SUMO E3 ligases and SUMO proteases. In matantiae RanBP2 E3 ligas&hich
binds RanGAPASUMO-UDbc9, is associated with the NP@ichler and Melchior
2002) The PIAS1 E3 ligase is also associated with the nuclear nratriammals
(Sachdeet al., 2001; Zhouet al., 2008; Z. Cheret al., 2021) While in yeastthe
SUMO E3 ligase, Sizds part of a physically distinct Nup complex, termed the
Snup complex, at the INKLapetinaet al., 2017) deSUMOylaseare also enriched
at the NE. In mammalSENR1 and SENR2 are localized to the N§¥. Wanget
al., 2009) While in yeast, Ulpl is associated with NRE@sTakahashet al., 2000;
Makhnevychet al., 2007; Srikumar, Lewicki, and Raught 2013; Y. Zletaal.,
2004; Palancadet al., 2007) The localization of these SUMOQylation machinery
components to the NE facilitates specific SUMOylation and deSUMOylation

events which rgulate various NEassociated processes.

Overall, SUMOylation at the NE has emergecgagnportant regulator of
various cellular processes. This thesis focuses on identifying biological functions
of SUMOylation at the NE. Specific cellular events and thebnnections to
SUMOylation which are relevant to the focus of this theses discussed in greater

detail below.

1.6.6.1 SUMOylation and transcriptional activation

As discussed above, SUMOwdlt proteinsand SUMOylation machinery

componentsare enriched at the INMwhere they carregulate multiple NE
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associated functions. This includes the transcriptional regulation ofddB&iated
genesFor exampleSUMOylationis involvedin thetranscriptional regulatioand
subcellular localizatiomf the inducible genezAL1. Upon activation, there is an
accumulation of SUMOylated proteins at tBAL1locus (Rosonina, Duncan, and
Manley 2010; 2012) Following activation, he deSUMOylation of the
transcriptional repressors Tupl and Skyp&JIplfacilitatesthe efficient activation
of GALL (Texarietal., 2013) The ceSUMOylationof these proteins &iPCs is
proposed to uncover binding sitekich couldpromote the association of various
transcription activators and chromatin remodellerquired for transcriptional
activation(Texari et al., 2013) Consistent with deSUMOylation promotirtige
transcription of GAL1l, SUMOylated histones were detected GAL1 under
uninduced conditions, with transcriptional activation correspondiraydiecrease
in SUMOylated histones at these regiofMathanet al., 2006). Thus, both
SUMOylation and deSUMOylation events are important for the transcriptional
regulation ofGALland potentially other locAs multiple TSFs have been
identified as SUMOylation targe{®enisonet al., 2005; Hannichet al., 2005;
Wohlschlegelet al., 2004; Makhnevyctet al., 2009; Srikumar, Lewki, and
Raught 2013; Rosonired al., 2017) SUMOylation is likely involved imegulating

other inducible genes in yeast

1.6.6.2SUMOylation and telomeres

The regulation of telomeres by SUMOylation has been reported in
numerous contexts. SUMOylation has been linketthédranscriptionabctivity of

subtelomeric associated gen@$éathanet al., 2006; Hanget al., 2011) For
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example, inyeast, SUMOQylated histones are enriched at subtelomeric chromatin
where they are proposedéohancehe transcriptional repression siibtelomeric
associated geng®Nathanet al., 2006) SUMOylation has also been shown to
regulate telomere tethering@rerreiraet al., 2011; Lapetinaet al., 2017) and
telomere clusteringX. Zhao and Blobel 2005; Moradhard et al., 2016)
Furthermore, SUMOylation has been shown to regulate telomere length by two
independent mechanism#lang et al., 2011; Ferreiraet al., 2011). The
SUMOylation of Cdcl3 during -phase has been shown to inhibit telomere
elongation(Hanget al., 2011) While Siz2mediated SUMOylation of yKu70/80
enhances telomere tethering duringti&se to prevent elongati¢Rerreiraet al.,
2011) Siz2 has also been shown to interaitha distinct Nup subcomplex, termed
the Snup complex, which contains Sir4 and E3te association ddir4 and Siz2

with this complex is predicted to play a role in subtelomeric chromatin organization
andthe NE tetheringof telomeregLapetinaet al., 2017) As multiple telomere
associated proteins, in addition to those mentioned abave been identified as
SUMOylaton targetgDenisonet al., 2005; Hanniclet al., 2005; Wohlschlegedt

al.,, 2004; Makhnevychet al., 2009; Srikumar, Lewicki, and Raught 2013)

SUMOylation is likelyinvolved 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 hdsked SUMOylation to these and other biological

processes at th®lE. However, the spatial and temporal regulation of these
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SUMOylation events, the SUMOylation machinery components, and the exact
SUMOylation targets involved ithe regulation of thesdE-associategbrocesses

is still unclear. The broafibcusof this thesisvasto identify SUMOylaéd proteins

at the NE, characterize the biological consequenc8ddfOylating these proteins
andto identify theregulatory mechanisms that facilitate 8ldMOylation 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$ theseNE-associated SUMOylation events were
characterized to identify new ways in which SUMOylation tneSUMO pathway

machinery contributgto cellularfunctions of the INM.

In Chapter 3| describe data on thele of Siz2mediated SUMOylation in
facilitating the relocalization of the activatédO1 loci to the NPC. In Chapter 4,
describe data on specific spatial and temporal regulatory system that facilitates
the enrichment of Siz2 at the INM during mitosfghile in Chapters 4 and, %
show that the mrichment of Siz2 and Siz@ediated SUMOylation at the INM
regulates chromatin interactionsth the NE andipid metabolism during mitosis.
The work in these chapters hamlentified novel biological functions for
SUMOylation at the INMand elucidated prewusly unidentified systemhich
facilitate the reassociation of chromatin with the INM and the expansion diithe

during mitosis.

The workdescribedn this thesigprovides new insights into specifidM -

associated processes regulated by Siz2 andnseziated SUMOylation.
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Chapter Il : Experimental Procedures
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2.1 Yeast strains and media

All yeast strains were grown in YPD (1% yeast extract i28ttopeptoneand
2% glucose) or syntheticmedium lacking inositol or amino acids (per I: 1.7g yeast
nitrogen base, 5g ammonium acetate, 1.7 g amino acid dropout powder and 2%
glucosg, as required5-FOA containing plates were made accordin¢gBoekeet 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 1@@ml adenine. All yeast strains

used n this thesis are listed in Tablel2

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-P&3Rd oneatep nethod for gene
modificatiors (Longtine et al., 1998) PCR templates were either isolated from
chromosomal DNA or from pemid DNA (listed below). Deletion strains were
generated by replacing the ORF of a given gene with a PCR cassette consisting of ~60
bp 56 of t he-a@Rbkarkergeaeg~t6 0c ddbomB 6 of t he ORF6s
The genomic integration of protein fusions (protein Az U3xMYC, eGFP, mCherry)
were generated using PCR -oveshang that aneealstoonsi st
regions immediately upstream and downstream of tdme @r stop codon of the gene
of interest. Confirmation of protein fusions were primarily confirmed by western
blotting. Amino acid substitutions were introduced by-ditected mutagenesis of

genomic loci using a PCBRased onetep integration method.eBomic DNA derived
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from WT tagged genomic loci were used as DNA templates for PCR amplification and
genomic integration. Sense oligonucl eoti de
altered sequencehe mutagenic nucleotides-20 nucleotides downstream dfet

altered sequence. Antisense oligonucleotides were the same as those used for C
terminal tagging. In the case sfs2mutants the antisense oligonucleotides included
mutagenic nucleotides within the relev&@S2Zcondon(s). The sense oligonucleotide
enconpassed 20 nucl eot i KANMMWERLlpomoterandé0 56 end
bases upstream o SCSaarscodon. Allmut@&idngweke@equefce t h e
verified. Strains bearing multiple gene modifications were derived by crossing relevant

strans followed by sporulation, dissection, and selection. Gene deletions assessed for
Siz22SUMOylation targeting assays (TableXwere derived from the haploid Mata

yeast deletion library (Invitrogen). TARRgged proteins were obtained from the yeast

TAP tg library (Ghaemmaghanat al., 2003)

Table 2-1. Yeast strains.

Strain Genotype Base Source
Name Strain
YEF473A | MATaura3-52 lys2801 leu2eel h i s| YEF473A| Biand
2200 -ad46r3p 1 Pringle,
1996
NY109 MATahis3ee2 0 0 :-GFP-HI83 YEF473A | These
INO1::lacO(256} TRP1 NUP49MRFR Studies
hph
NPY1202 | MATahis3&2 0 0 :-GFP-HI83 YEF473A | These
INO1::lacO(256)} TRP1 NUP49MRFR Studies
HPHs i z1a: : KAN
NPY1203 | MATahis3&2 0 0 :-GFP-HIE3 YEF473A | These
INO1::lacO(256} TRP1 NUP49MRFR Studies
HPHs i z 2 a&: : KAN
NPY1010 | MATaSIZ2PrA-HIS3 YEF473A | These
Studies
CPY4245 |MATasi z 2 e&: : KAN YEF473A | These
Studies
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NPY1101 | MATaULPI1-PrA-HIS3 YEF473A | These
Studies
NY259 MATau | p.idsodAT YEF473A | These
Studies
CPY4198 | MATau | psbzgeNAT YEF473A | These
Studies
CPY4182 | MATau | prdoeEAN YEF473A | These
Studies
CPY4201 | MATaULP1-GFP-HIS YEF473A | These
Studies
CPY4202 | MATau | psbageGFP-HIS YEF473A | These
Studies
CPY4203 | MATau | p-dso&FP-HIS YEF473A | These
Studies
CPY4204 | MATau | p-do&FP-HIS YEF473A | These
Studies
NY336 MATa his3a&2 0 0 :-GFP-HIS3 YEF473A | These
INO1::lacO(256}TRP1 NUP49MRFR Studies
HP H uiispNAZ
NY337 MATahis3a2 0 0 :-GFP-HIS3 YEF473A | These
INO1::lacO(256} TRP1 NUP49MRFR Studies
HPH uibopoINAT
CPY4191 | MATahis3a200::lacl-GFP-HIS3 YEF473A | These
INO1::lacO(256} TRP1 NUP49MRFR Studies
HPH U1[34@K]ANE
CPY200 MATa his3a&2 0 0 :-GFP-HIS3 YEF473A | These
INO1::lacO(256}TRP1 NUP49MRFR Studies
HP H uilspKABRPRS315
CPY201 MATa his3a2 0 laci-GFP-HIS3 YEF473A | These
INO1::lacO(256} TRP1 NUP49MRFR Studies
HP H uilapKABEPRS315.ULP1
CPY202 MATahis3a&2 0 0 :-GFP-HIS3 YEF473A | These
INO1::lacO(256}TRP1 NUP49MRFR Studies
hph pRS315
CPY203 MATahis3a&2 0 0 :-GFP-HIS3 YEF473A | These
INO1::lacO(256) TRP1 NUP49MRFR Studies
hph pRS31&JLP1
CPY204 MATa pRS318ULP1-GFP YEF473A | These
Studies
CPY205 MATa pRS31&ulp1°SPNGFP YEF473A | These
Studies
CPY206 MATa ULP1-mCherryNAT pRS315 YEF473A | These
ULP1-GFP Studies
CPY207 MATa ULP1-mCherryNAT pRS315 YEF473A | These
ulp1°SPNGFP Studies
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CPY209 MATahis3ee2 0 0 :-GFP-HIS3 YEF473A | These
INO1::lacO(256)TRP1 NUP49MRFR Studies
HPH pRS315

CPY209 MATa his3e&e2 0 0 :-GFP-HIE3 YEF473A | These
INO1::lacO(256) TRP1 NUP49MRFR Studies
HPH pRS315.ULPIGFP

CPY210 MATahis3ee2 0 0 :-GFP-HIS3 YEF473A | These
INO1::lacO(256)TRP1 NUP49MRFR Studies
HPH pRS315.ulg®°NGFP

CPY211 MATahis3ee2 0 0 :-GFP-HI83 YEF473A | These
INO1::lacO(256)TRP1 NUP49MRFR Studies
HPH pRS315.ULP1

CPY212 MATahis3ee2 0 0 :-GFP-HI83 YEF473A | These
INO1::lacO(256)TRP1 NUP49MRFR Studies
HPH pRS315.ulg®™N

NY347 MATahis3ee2 0 0 :-GFP-HIE3 YEF473A | These
INO1::lacO(256)TRP1 NUP49MRFR Studies
HPH nup53e: -URAN nu

NPY2076 | MATahis3a&2 0 0 :-GFP-HIE3 YEF473A | These
INO1::lacO(256)}TRP1 NUP49MRFR Studies
HPH nupb53e: :URABN nu

NPY2001 | MATahis3a&2 0 0 :-GFP-HIE3 YEF473A | These
INO1::lacO(256)TRP1 NUP49MRFR Studies
hph ULP1::Rip1-NUP53ulp134062LNAT
nup53e: : KAN

NPY2013 | MATahis3a&2 0 0 :-GFP-HIE3 YEF473A | These
INO1::lacO(256) TRP1 NUP49MRFR Studies
HPH nup53e: -UGRAN nu
ULP1::PuLpi-NUP53ulp134°62LNAT

NPY2079 | MATahis3a&2 0 0 :-GFP-HIE3 YEF473A | These
INO1::lacO(256)TRP1 NUP49MRFR Studies
HPH nupb5 fha:p:DR&SN
ULP1::PuLpi-NUP53ulp134°62LNAT

CPY4183 |MATanup60e&: : HPH YEF473A | These

Studies
CPY4184 |MATanup2e: : HPH YEF473A | These
Studies

NPY2032 | MATanup 5 3é&: : KAUWk:- UL P| YEF473A| These
NUP53ulp134%62LGFP-HIS Studies

CPY4185 |MATanup60e&: : HPH nup|YEF473A| These
ULP1::PuLpi-NUP53ulp134°62LGFP-HIS Studies

CPY4186 |MATanup2e&: : HPH nup5|YEF473A| These
ULP1::PuLpi-NUP53ulp134°62LGFP-HIS Studies

NS3144 MATahis3a2 0 0 :-GFP-HIE3 YEF473A | These
INO1::lacO(256) TRP1 NUP49MRFR Studies

HP H uilspNAZEpRS316
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NS3145 MATahis322 0 0 :-GFP-HIS3 YEF473A | These
INO1::lacO(256}TRP1 NUP49MRFR Studies
HP H uilspNAEpPRS316.CUPpr
SIZ2V5;
NS3146 MATahis3a2 0 lacl-GFP-HIS3 YEF473A | These
INO1::lacO(256}TRP1 NUP49MRFR Studies
HP H uilapNAEpPRS316.NOPpr
SIZ2V5;
NS3196 MATahis3a&2 0 0 :-GFP-HIS3 YEF473A | These
INO1::lacO(256)}TRP1 NUP49MRFR Studies
HPH si z2a&: : KAN pRS
NS3197 MATahis3a 2 0 lacl-GFP-HIS3 YEF473A | These
INO1::lacO(256)}TRP1 NUP49MRFR Studies
HPH si z2a&: : KANSIP2RS
V53
NS3198 MATahis322 0 0 :-GFP-HIS3 YEF473A | These
INO1::lacO(256}TRP1 NUP49MRFR Studies
HPH si z2a&:: KANSIpP2R S
V53
BY4741 MATahi s 3a&1 | eu2a&0 u|BY4741 |Brachmann
et al.1998
NS2001 MATab ar 1 e: NAT BY4741 | These
Studies
NS2099 MATaSIZ2V5-HI S s cs 2 e: BY4741 | These
bar 1lae: : NAT Studies
CPY4082 | MATa SIZ2V5;3-HIS KANscsX180R BY4741 | These
bar 1lae: : NAT Studies
CPY4006 | MATas c s 2 ee: NAT BY4741 | These
Studies
CPY3888 | MATa KAN-scs¥180R BY4741 | These
Studies
CPY3908 | MATa ulp1k®2EKAN barle:NAT BY4741 | These
Studies
CPY3847 | MATa ulp1K352E/Y583ty/53 H|S BY4741 | These
barlee:NAT Studies
CPY3864 | MATaHPH-SCS2piHAs-SCS2 BY4741 | These
ulp1K352E/YS82ty/5, H|S barlee:NAT Studies
CPY4163 | MATa SCS2V5:-KAN ulpX352E/Y583ty/5.. | BYA741 | These
HIS barle:NAT Studies
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CPY3821 | MATaHIS-SCS2piHAs-SCS2 BY4741 | These
barlse:NAT Studies

CPY4402 | MATa SCS2V5-HPH barlae:NAT BY4741 | These
Studies

NS2018 MATas i z 2 ee: KAN bar 1|BY4741 | These
Studies

CPY4004 MATas i z 2 ee: NAT BY4741 | These
Studies

CPY3784 MATa HIS-SIZ2prGFP-SIZ2 SUR4 BY4741 | These
mCherryNAT Studies

CPY3909 | MATaSIZ2V5-KAN bar 1 e: BY4741 | These
Studies

CPY4252 | MATasiz®*?AV5-K AN b ar 1 &:|BY4741 | These
Studies

CPY3867 MATa H|S—S|ZZpFGFP—SiZZS522A-HPH BY4741 | These
SUR4mMCherryNAT Studies

CPY4325 | MATas i z 1 aebarl&:AAT BY4741 | These
Studies

CPY3134 MATas i z 1 ee: KAN BY4741 | These
Studies

CPY4193 | MATamms2}184v5-KAN BY4741 | These
Studies

CPY3801 | MATaHIS SIZ2prGFP-SI1Z2 NOP56 BY4741 | These
mCherryNAT Studies

CPY3851 | MATasiz®%?"AV5-K AN b ar 1 &:|BY4741 | These
Studies

CPY3869 | MATaHIS- SIZ2prGFP-siz25%2"AHPH BY4741 | These
SUR4mMCherryNAT Studies

CPY3641 | MATasiz®%AV/5-H1 S b ar 1 &:|BY4741 | These
Studies

CPY3841 | MATaHIS-SIZ2prGFP-siz2574AHPH BY4741 | These
SUR4mMCherryNAT Studies

CPY4100 MATa NAT-CDC42prGFP1.10-SCS2 BY4741 | These
pRS318GFP1;--mCherryPusl Studies

CPY4101 MATa NAT-CDC42prGFP1.10-SCS2 BY4741 | These
pRS315GFP11--mCherryHxk1 Studies

NS2911 MATa SCS2TAP-HIS SIZ2V53:-KAN BY4741 | These
Studies

NS2917 MATa SCSZTAP-HIS siz2?°??AV5;-KAN | BY4741 | These
Studies

NS4024 MATa KAN-scsX84DL8LTAP.HIS SIZ2 BY4741 | These
V5s-HPH bar lee: : NAT Studies

CPY3952 MATa HIS-SIZ2prGFP-SIZ2 SUR4 BY4741 | These
MmCherryNAT scs2ea&e: . KAN Studies

CPY4061 MATa SIZ2V5:-HIS KANscsX84D/L8sD BY4741 | These
barlee:NAT Studies
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CPY4036 | MATaHIS-SIZ2prGFP-S1Z2 SUR4 BY4741 | These
mCherryNAT KANscsX84D/L86D Studies
CPY4066 | MATa si2**®%0.v5;-KAN barle:NAT BY4741 | These
Studies
CPY4089 | MATa HIS-SIZ2prGFP- siz2**%°C.HPH BY4741 | These
SUR4MCherryNAT Studies
CPY4028 | MATa HIS-SIZ2prGFP-SIZ2 scs??%- BY4741 | These
mCherryNAT Studies
CPY4225 MATa NAT-CDC42prGFP1.10- BY4741 | These
ScsH84DL86D n RS 31 5GFP-mCherry Studies
Pusl
CPY3911 | MATa SIZ2V5:-KAN ulpK352E/Y583ty53. | BYA741 | These
HPH barlzee:NAT Studies
CPY4030 | MATa KAN-scsX84DIL8D j|nK352E/YS83 | BYA741 | These
V5:-HIS barlee:NAT Studies
CPY4072 | MATa si2*%6°0.5;-KAN ulpK352E/Y583H | BYA741 | These
V5:-HIS barlee:NAT Studies
CPY3894 | MATaHIS-SIZ2prGFP-SIZ2HPH SUR4 | BY4741 | These
mCherryNAT KANscsX180R Studies
CPY3915 | MATasi2"/?43AV5;-KAN barle:NAT | BY4741 | These
Studies
CPY3835 MATa HIS—SIZZpFGFP—si22'472/473A-HPH BY4741 | These
SUR4mMCherryNAT Studies
CPY4092 MATa si2V720/7214y5,-KAN barlee:NAT | BY4741 | These
Studies
CPY3837 MATa HIS—SIZZpr—GFP—si22V72°’721’5HPH BY4741 | These
SUR4mMCherryNAT Studies
CPY3917 MATa siz2"47%4734\/5-KAN BY4741 | These
ulp1K3s2EYS8y5, HPH bar 1 a: Studies
CPY3835 MATa HIS—SIZZpr—GFP—si22'472’473A-HPH BY4741 | These
SUR4mMCherryNAT ulp13528/Y583y/5, Studies
KAN
NS4019 MATa SCS2ZTAP-HIS siz2472/473A\/5;- BY4741 | These
KAN Studies
NS4025 MATa KAN-scs¥8RTAP-HIS SIZ2V5- | BY4741 | These
HPH bar le: : NAT Studies
CPY4221 MATa NAT—CDC42p|¢GFP1.10-SCS%18°R BY4741 | These
pRS318GFP1;-mCherryPusl Studies
DVY1534 MATa TelXIV-L::256xlacORTRP1 W303 Van de
HIS3::GFP-lacl-HIS3 SEC63GFP-NAT Vosseet
al.2013
DL220 MATa TelXIV-L::256xlacORTRP1 W303 Lapetinaet
HIS3::GFP-lacl-HIS3 SEC63GFP-NAT al.,2017

sSi z2m: KAN
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NS2074 MATa TelXI\-L::256xlacORTRP1 W303 These
HIS3::GFP-lacl-HIS3 SEC63GFP-NAT studies
scs2o: : KAN

CPY3981 | MATa TelXIV-L::256xlacOTRP1 W303 These
HIS3::GFP-lacl-HIS3SEC63GFP-NAT Studies
SizP%%?AV5-KAN

CPY4070 | MATaTelXIV-L::256xlacOTRP1 W303 These
HIS3::GFP-lacl-HIS3 SEC63GFP-NAT Studies
Siz2%690. /53 KAN

CPY3776 | MATa TelXIV-L::256xlacOTRP1 W303 These
HIS3::GFP-lacl-HIS3 SEC63GFP-NAT Studies
Siz24724T3A 5 KAN

CPY3992 | MATa TelXIV-L::256xlacOTRP1 W303 These
HIS3::GFP-lacl-HIS3 SEC63GFP-NAT Studies
KAN_SCS%84D/L86D

NS2418 MATa TelXIV-L::256xlacOTRP1 W303 These
HIS3::GFP-lacl-HIS3 SEC63GFP-NAT Studies
KAN-scsF180R

CPY4049 | MATa SIR4V5-KAN BY4741 | These

Studies

NS2433 MATa SIR4V5:-KANs i z 2 p: H P| BY4741 | These

Studies
DVY2190 | MATaYKU70MYCxK AN b ar 1 q BY4741 |Vande
Vosseet
al.,2013

NS2665 MATaYKU70MYCzK AN b ar 1 q BY4741 | These
si z2m: HPH Studies

CPY4240 | MATaYKU80V5:-KAN BY4741 | These

Studies

CPY4249 | MATaYKU8BOV:-K AN si z 2 gp: | BY4741 | These

Studies
NS2500 MATa SIR4V5s-KAN siz252ANAT BY4741 | These
Studies
NS2506 MATa SIR4V5s-KAN NATFscsX84D/L86D BY4741 | These
Studies
NS2504 MATa SIR4V5>-KAN NATFscsH180R BY4741 | These
Studies

NS3522 MATa TelXI\-L::256xlacOTRP1 W303 These
HIS3::GFP-lacl-HIS3 SEC63GFP-NAT Studies
u|p1K352E/Y583}-_iv53_HPH

NS3524 MATa TelXIV-L::256xlacOTRP1 W303 These
HIS3::GFP-lacl-HIS3 SEC63GFP-NAT Studies

ulp1K352E/Y583H\ /5, HPH siz$522A\/5,-

KAN
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NS3206 MATa TelXIV-L::256xlacOTRP1 W303 These
HIS3::GFP-lacl-HIS3 SEC63GFP-NAT Studies
yku8Q4 ::KAN

DVY1539.1| MATa TelXIV-L::256xlacOTRP1 W303 Van de
HIS3::GFP-lacl-HIS3 SEC63GFP-NAT Vosseet
yku7@p:KAN al.2013

DVY1539 | W303MATa TelXIV-L::256xlacOTRP1 | W303 Van de
HIS3::GFP-lacl-HIS3 SEC63GFP-NAT Vosseet
sir4qp:KAN al.,2013

NS2078 MATa SIR4eGFRHIS SUR4MCherry BY4741 | These
NAT Studies

NS2144 MATa SIR4eGFRHIS SUR4mMCherry BY4741 | These
NAT si z2e: : KAN Studies

DVY2055 MATa TelVIR::256xlacOTRP1 W303 Van de
HIS3::GFP-lacl-HIS3 SEC63GFP-NAT Vosseet

al.2013

CPY3988 | MATaTelVIR::256xlacOTRP1 W303 These
HIS3::GFP-lacl-HIS3 SEC63GFP-NAT Studies
SizB522AV5;-KAN

NS2111 MATa SIR4PrA-HIS BY4741 | These

Studies

NS3447 MATa SIR4PrA-HIS ulpX352E/Ys83ty5,. | BY4741 | These
KAN Studies

NS3513 MATa SIR4PrA-HIS siz25?ANAT BY4741 | These

Studies

NS3511 MATa SIR4PrA-HIS qu1K352E’Y583'iV53- BY4741 | These
KAN sizZ52ANAT Studies

NS2515 MATa SIR3V5:-KAN BY4741 | These

Studies

NS2516 MATaSIR3V%-KAN si z 2 op: BY4741 | These

Studies
NS2519 MATaSIR3V5-KAN s cs 2 m: BY4741 | These
Studies
NS2523 MATa SIR3V5;:-KAN siz2%??ANAT BY4741 | These
Studies
NS2527 MATa SIR3V5>-KAN NATFscsH180R BY4741 | These
Studies
NS2529 MATa SIR3V5:-KAN NATFscsX84D/L86D BY4741 | These
Studies

NS2533 MATa SIR3V5;:-KAN sird1%%"ReGFR BY4741 | These
HIS Studies

CPY4050 | MATa SIR4V5-KAN SMT3pHISs- BY4741 | These
SMT3HPH Studies

CPY4053 | MATa SIR4V5%-KAN SMT3p+HISs- BY4741 | These
SMT3HPH siz28??ANAT Studies
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CPY4056 | MATa SIR4V5%-KAN SMT3ptHISs- BY4741 | These
SMT3HPH NAT-scsX 18R Studies
CPY4057 | MATa SIR4V5%-KAN SMT3ptHISs- BY4741 | These
SMT3HPH NAT-scsX84D/L86D Studies
NS3501 MATa SIR4V5:-KAN SMT3ptHISs- BY4741 | These
SMT3HPH ulpIK352E/Y583hy/5. H|S Studies
NS3503 MATa SIR4V5%-KAN SMT3ptHISs- BY4741 | These
SMT3HPH ulpIK352E/Y583hy/5, H|S Studies
SizP522ANAT
CPY4051 | MATasird103/Ry5;-KAN SMT3pHISs- | BY4741 | These
SMT3HPH Studies
CPY4008 | MATa TelXIV-L::256xlacOTRP1 W303 These
HIS3::GFP-lacl-HIS3 SEC63GFP-NAT Studies
Sir4k1037R /5, K AN
CPY4014 | MATa sirdf937Ry5;-KAN BY4741 | These
Studies
NS2705 MATa SIR4V5:-KANb ar 1 ee: N A BY4741 | These
Studies
NS2705 MATa SIR4V5s-KAN siz2522ANAT BY4741 | These
bar 1a: : NAT Studies
CPY4244 | MATaTelVIR::256xlacOTRP1 W303 These
HIS3::GFP-lacl-HIS3 SEC63GFP-NAT Studies
Sir4f1037Ry/5, K AN
NS2633 MATa sird13’"ReGFRHIS SUR4 BY4741 | These
mCherryNAT Studies
NS2709 MATa sird€t037Ry5,. K AN b ar 1 a|BY4741 | These
Studies
NS2433 MATaSIR4V5:-K AN si z 2 e: BY4741 | These
Studies
NS2496 MATaSIR4V5:-K AN s c s 2 ée: BY4741 | These
Studies
NS2693 MATa his3a2 0 laci-GFP-HIS3 YEF473A | These
INO1::lacO(256}TRP1 NUP49MRFR Studies
HPH siz®%2?AV5;-KAN
NS2614 MATahis3a2 0 0 :-GFP-HIS3 YEF473A | These
INO1::lacO(256)}TRP1 NUP49MRFR Studies
HPH KAN-scsX180R
NS2692 MATahis3a2 0 0 :-GFP-HIE3 YEF473A | These
INO1::lacO(256) TRP1 NUP49MRFR Studies
HPH sir4<1037Rv/5KAN
DL175 MATahi s 3 @2 00 521lys2811 | UCC3505| Van de
trpl 6Bl @EdHES3 Vosseet
adh4::URA3TEL-VIIL ADE2-TEL-VR al.2013
DL180 MATahi s 3 2 00 52lys28411 | UCC3505| Van de
trpl o663l pEpd:HES3 Vosseet
al.,2013
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adh4::URA3TEL-VIIL ADE2-TEL-VR
sir3om:: KAN

DL197 MATahi s 3 2 00 152lys28q11 | UCC3505| These
trpl o601 md:HS3 Studies
adh4::URA3TEL-VIIL ADE2TEL-VR
si z2p: : KAN

NS3420 MATahi s 3 2 00 152lys28q11 | UCC3505| These
trpl o660l md:HHE3 Studies
adh4::URA3TEL-VIIL ADE2TEL-VR
scs2p: : KAN

NS3421 MATahi s 3 2 00 152lys28q11 | UCC3505| These
trplo63] pEd:HES3 Studies
adh4::.URA3TEL-VIIL ADE2TEL-VR
sizF522AV5-KAN

NS3422 MATahi s 3 2 00 152lys28q11 | UCC3505| These
trpl o6l Epd:els3 Studies
adh4::URA3TEL-VIIL ADE2TEL-VR
KAN-scsX180R

NS3423 MATahi s 3 2 00 {52Iys28q11 | UCC3505| These
trplo63] pEd:HES3 Studies
adh4::URA3TEL-VIIL ADE2TEL-VR
U|p1K352E/Y583HV53-HPH

NS4044 MATaPUSIGFP-HI S bar 1 og: |BY4741 | These

Studies

NS4046 MATaPUSIGFP-HI S bar 1 og: |BY4741 | These
sizF522AV/5-KAN Studies

CPY4317 | MATaKAN-MET3prHAs-CDC20 SUR4 | BY4741 | These
MCherryNAT HISGFP-SIZ2pkSIZ2 Studies

NS3811 MATa KAN-MET3prHAs-CDC20, SUR4 | BY4741 | These
mCherryNAT HISGFP-SIZ2peSIZz 55224 Studies
HPH

NS3786 MATa HPH-MET3prHAs-CDC20 SUR4 | BY4741 | These
mCherryNAT Studies

NS3805 MATa HPH-MET3prHAs-CDC20, SUR4 | BY4741 | These
mCherryNAT sizF%?2Av5-KAN Studies

NS4067 MATa PUStGFP-HIS HPHMET3pr BY4741 | These
HAs-CDC20 Studies

NS4065 MATa PUSTGFP-HIS HPHMET3pr BY4741 | These
HAs-CDC20siz8%%2AV5-KAN Studies

CPY4113 | MATa SIZ2GFP1.100URApPRS315 BY4741 | These
NOPprGFP11-mCherrySCSTM Studies
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CPY4114 | MATa SIZ2GFP1.100URApPRS315 BY4741 | These
NOPprmCherry SCSTMGFP11 Studies

NS4079 MATa SIZ2GFP1.100URAPUSTGFP-HIS | BY4741 | These
PRS31NOPprGFP1--mCherrySCSTM Studies

NS4080 MATa SIZ2GFP1.100URAPUS1IGFP-HIS | BY4741 | These
PRS315NOPprmCherry SCSTMGFP11 Studies

NS4077 MATa SIZ2GFPr100URAb a r 1 o: BY4741 | These

Studies

NS4229 MATa SIZ2GFP1.100URAPUS1IGFP-HIS | BY4741 | These
KAN-scsX18RpRS31ENOPprGFP11- Studies
MCherrySCSTM

NS4230 MATa SIZ2GFP1.100URAPUSTGFP-HIS | BY4741 | These
KAN-scs¥18RpRS318NOPprmCherry Studies
SCSTMGFP11

NS2181 MATa SUR4mMCherryNAT BY4741 | These

Studies

NS2485 MATa SUR4mMCherryNAT BY4741 | These
ulp1K352E/Y583ty/5, H|S Studies

NS4048 MATaPUSIGFP-HI S bar 1 og: |BY4741 | These
ulp1K352E/Y583ty/5, HPH Studies

NS4056 MATa PUSEGFP-HIS siz2°?AV5-KAN | BY4741 | These
ulp1K352EYS83ty 5. HPHb ar 1 g: : N Studies

CPY3959 | MATaHIS-GFRSIZ2 ulp1k®*2EKAN BY4741 | These
SUR4mCherryNAT Studies

CPY3962 | MATa HIS-GFP-sizZ5?AHPH ulp1¥®5?E. | BY4741 | These
KAN SUR4mMCherryNAT Studies

NS4084 MATa PUSTGFP-HIS HPHMET3pr BY4741 | These
HAs-CDC20pRS316CYCI1prNUP60-24- Studies
OPI19%-mCherry

NS4085 MATa PUSTGFP-HIS HPH-MET3pr BY4741 | These
HAs-CDC20sizF%??AV5;-KAN pRS316 Studies
CYC1prNUP603-2*-OPI119%-mCherry

NS4231 MATaPUSIGFP-HI S bar 1 og: |BY4741 | These
ulp1KX352E/Y583ty/ 5, HPH pRS316CYC1pE Studies

NUP60-24-0PI11%%-mCherry
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NS4232 MATaPUSIGFP-HI S bar 1 o: |BY4741 | These
ulp1K352E/YS83ty/ 5, HPH iz F522AV 5;- Studies
KAN pRS316CYC1prNUP60-24-OP119%
mCherry

NS4105 MATa SIZ2GFP1.10KAN PUSTGFP-HIS | BY4741 | These
bar 1 og:pRFBPSEYC1lprNUP60 24 Studies
OPI11°2-mCherrypRS318NOPpr-GFP11-
SCSTM

NS4108 MATa SIZ2GFP1.1-KANPUSEGFP-HIS | BY4741 | These
bar 1 og:pR$BPSEYC1lprNUP6024 Studies
OPI11°2-mCherrypRS315NOPpr-SCSTM
GFP11

NS4237 MATa HPH-MET3prHAs-CDC20 PUS1 | BY4741 | These
GFP-HISYCplac111PAHI1-PtApRS316 Studies
CYC1prNUP603-?*-OPI11°>-mCherry

NS4238 MATa HPH-MET3prHAs-CDC20 PUS1 | BY4741 | These
GFP-HISYCplacl11 Studies
P ah 1811O/S1l4/S168/8602/T723/8744/S_7%
PRS316CYC1prNUP60G-24-0OP119%
mCherry

NS4127 MATa HPH-MET3prHAs-CDC20 PUS1 | BY4741 | These
GFP-HISYCplacl111PAHI-PtA Studies

NS4128 MATa HPH-MET3prHAs-CDC20PUS1 | BY4741 | These
GFP-HISYCplacl11 Studies
P ah 1S1lO/S1l4/S168/5602/T723/S744/S_7%

NS4119 MATaPUSIGFP-HI S bar 1 o: |BY4741 | These
YCplacl111PAHI1-PtA Studies

NS4121 MATaPUSIGFP-HI S bar 1 og: |BY4741 | These
ulp1K352E/Y583ty/5, HPH YCplac111 Studies
PAH1-PtA

NS4123 MATaPUSIGFP-HI S bar 1 og: |BY4741 | These
YCplacl11 Studies
P ah 181lO/Sl14/S168/8602/T723/S744/S_7%

NS4124 MATaPUSIGFP-HI S bar 1 og: |BY4741 | These
ulp1K352E/Y583ty/5, HPH YCplac111 Studies

pah 18110/8114/8168/8602/T723/S744/S_7%
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NS4111 MATaPUSIGFP-HI S bar 1 g: |BY4741 | These
YCplacl11PAHI1-PtApRS316CYC1pr Studies
NUP60-24-0PI11%%>-mCherry

NS4112 MATaPUSIGFP-HI S bar 1 g: |BY4741 | These
YCplacl11 Studies
P ah 18110/Sl14/S168/8602/T723/S744/S_7%
PRS316CYC1prNUP6G-24-0OP119%
mCherry

NS4113 MATaPUSIGFP-HI S bar 1 o: |BY4741 | These
ulp1K352E/YS83ty/ 5, HPH YCplac111 Studies
PAH1-PtA pRS316CYC1prNUP6G--

OPI1%°>-mCherry

NS4114 MATaPUSIGFP-HI S bar 1 o: |BY4741 | These
ulp1K352E/Y583ty/5, HPH YCplac111 Studies
P ah 1811O/S114/S168/8602/T723/8744/S_7%
PRS316CYC1prNUP6G3-24-OP119%
mCherry

NS2784 MATa PAH1-GFP1.1cURApPRS315 BY4741 | These
NOPprGFP11-mCherrySCSTM Studies

NS2786 MATa PAH1-GFP1.1-URApPRS315 BY4741 | These
NOPprmCherry SCSTMGFP11 Studies

NS2788 MATa PAH1-GFP1.1cURApPRS315 BY4741 | These
NOPprGFP11-mCherrySCSTM Studies
U|p1K352E/Y583HV53-H|S

NS2790 MATa PAH1-GFP1.1-URApPRS315 BY4741 | These
NOPprmCherry SCSTMGFP11 Studies
UlleSSZE/Y583t|V53-H|S

NS4115 MATa PUSEGFP-HIS PAHIGFPy10- BY4741 | These
URApPRS31NOPprGFP11-mCherry Studies
SCSTM

NS4116 MATa PUSEGFP-HIS PAHIGFPy10- BY4741 | These
URApPRS318NOPprmCherrySCSTM Studies
GFP11

NS4117 MATa PUSEGFP-HIS PAHIGFPy10- BY4741 | These
URA ulp1K352E/Y583ty/5, HPH pRS315 Studies
NOPprGFP11-mCherrySCSTM

NS4118 MATa PUSEGFP-HIS PAHIGFPy10- BY4741 | These
URA ulp1K352E/Y583ty/5, HPH pRS315 Studies

NOPprmCherry SCSTMGFP11
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NS3826 MATa HPH-MET3prHAs-CDC20PAH1- | BY4741 | These
GFP1.10URAPRS315NOPprmCherry Studies
SCSTMGFP11

NS3827 MATa HPH-MET3prHAs-CDC20PAH1- | BY4741 | These
GFP110URAPRS318NOPprGFP11- Studies
mCherrySCSTM

NS4125 MATa HPH-MET3prHAs-CDC20PUS1 | BY4741 | These
GFP-HIS PAHIGFP1.100URAPRS315 Studies
NOPprGFP11-mCherrySCSTM

NS4126 MATa HPH-MET3prHAs-CDC20PUS1 | BY4741 | These
GFP-HIS PAHIGFP1.100URAPRS315 Studies
NOPprmCherrySCSTMGFP11

NS4106 MATa PAH1-GFPi.10-KAN PUS1GFP- BY4741 | These
HIS pRS314CYC1prNUP6024-0OP119% Studies
MCherrypRS315NOPprGFP;1-SCSTM

NS4107 MATa PAH1-GFP;.10-KAN PUS1GFP- BY4741 | These
HIS ulpK352E/Y583ty/5, HPH pRS316 Studies
CYC1peNUP603-?4-0OPI11%%>-mCherry
pRS315NOPprGFP;1-SCSTM

NS4225 MATa HPH-MET3prHAs-CDC20 PUS1 | BY4741 | These
GFP-HIS PAHIGFP1.10-URApPRS316 Studies
CYC1prNUP603-2*-OPI119%-mCherry
pRS315NOPprGFP11-SCSTM

NS4109 MATa PAH1-GFP1.10-KAN PUS1GFP- BY4741 | These
HIS pRS314CYC1prNUP6024-0OP11°% Studies
MCherrypRS315NOPprSCSTMGFP;1

NS4110 MATa PAH1-GFP1.100KAN PUS T GFP- BY4741 | These
HIS ulpK3528/Y583ty/5, HPH pRS316 Studies
CYC1prNUP603-2*-OPI119%-mCherry
pRS315NOPprSCSTMGFP:11

NS4226 MATa HPH-MET3prHAs-CDC20PUS1 | BY4741 | These
GFP-HIS PAHIGFP1.100URAPRS316 Studies
CYC1peNUP603-?4-0OPI119%>-mCherry
pRS315NOPprSCSTMGFP11

NS3701 MATa SPO7?TAP-HIS NEM1-V5-KAN BY4741 | These
bar 1o: : NAT Studies
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NS4205 MATa SPO7?TAP-HIS NEM1-V5-KAN BY4741 | These
ulp1K352ENS8GEP-HPH Studies
NS4204 MATa SPO7?TAP-HIS NEM1-V5-KAN BY4741 | These
SizB52ANAT ulp1K352E Y58 HGEP-HPH Studies
NS2836 MATa PAHI-MYCG3sKANDb a r 1 op: BY4741 | These
SPO?TAP-HIS Studies
NS4203 MATa SPOZTAP-HIS PAHI-MYCis-KAN | BY4741 | These
ulp1K352ENS8GEP-HPH Studies
NS4202 MATa SPO7?TAP-HIS PAHI-MYCs-KAN | BY4741 | These
SizB5PANAT ulpK352EYSEHGEP-HPH Studies
NS4197 MATa SPO7?TAP-HIS NEM1-V5-KAN BY4741 | These
bar 1 ogp:HPRINEA3prHAs-CDC20 Studies
NS4198 MATa SPO7?TAP-HIS NEM1-V5-KAN BY4741 | These
bar 1 oqp:HPHINEA3prHA-CDC20 Studies
SizZ52ANAT
NS4199 MATab ar 1 q:HPRINREA3prHAs- BY4741 | These
CDC20 SPOATAP-HIS PAH1-V53-KAN Studies
NS4200 MATab ar 1 o :HPHJNREA 3prHAs- BY4741 | These
CDC20 SPOATAP-HIS PAH1-V5:-KAN Studies
SizB52ANAT
NS4165 MATa SPO?#TAP-HISb ar 1 p: : HR BY4741 | These
PAHL-MYCiz-KAN sizZF522ANAT Studies
NS4167 MATaSPO7?TAP-HISb ar 1 g: : HHF BY4741 | These
NEM1-V5:-KAN sizF%22ANAT Studies
NS2569 MATas po 7 p: : KAN BY4741 | These
Studies
NS2574 MATan e m1l op: : KAN BY4741 | These
Studies
NS3782 MATa PAH1-GFP1.10cURAN e m1 : :| BY4741 | These
PRS31NOPprGFP11-mCherrySCSTM Studies
NS3783 MATa PAH1-GFPL1cURAS p o 7 op: :| BY4741 | These
PRS315NOPprmCherry SCSTMGFP11 Studies
NS3784 MATa PAH1-GFPL.10cURASs p 0 7 p: :| BY4741 | These
PRS31SNOPprGFP11-mCherrySCSTM Studies
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NS3785 MATa PAH1-GFP110cURAN e m1 o: :| BY4741 | These
PRS315NOPprmCherry SCSTMGFP11 Studies
NS3207 MATa TelXIV-L::256xlacOTRP1 W303 These
HIS3::GFP-lacl-HIS3 SEC635FP-NAT Studies
n e m-KAp
NS3208 MATa TelXIV-L::256xlacOTRP1 W303 These
HIS3::GFP-lacl-HIS3 SEC635FP-NAT Studies
S p o-KAdd
NS3114 MATa NEM1-TAP-His, ulp1(352E/Y583H BY4741 | These
Vs-HPH, bar 1m:: NAT Studies
NS3116 MATaNEMLITAP-Hi s bar 1 o: |BY4741 | These
Studies

*strainsin BY4741 background with multiple gene modifications were derived

from di ssctions and therefore

2.2 Plasmids

All plasmids used in this thesis are listed in Tab ith sources which

not

genotype

provided plasmids indicatedld@mids generated for these works, were made by the

restriction digestion of PCR products and ligation into the indicated plasmid

backbone.

pPRS318SMT3prHiss-SMT3HPH was constructed by cloning three PCR

products into pRS31&sikorski and Hietet989) including: 1) 35M®mp of theSMT3

56 UTR

Hisg-Smt3 plus 324 bp of th&MT33 6

b o un d erdstrittign er&yane kited\N2) thé coding region for

WourRded by Notl/Saltestriction

enzyme sites; 3) thelPH-MX sequence bounded by Sall/Apal restriction sites

(New England Biolabs).

pFA6akanMX6SCS2pi3HA was generated by replacing thH@AL1l

promoter, bounded b¥glll/Pacl restriction enzyme sitesn pFA6akanMX6

70



PGALZL3HA (Longtineet al., 1998) with a PCR cassette boundedxylll/Pacl

restriction enzyme sites and containBitR bp of the&sCSSH 6 UT R.

PRS31ENOP1prGFP11-SCS2TMvas generated by replacing tR®OP1pr
GFP11-mcherrySCS2TMnsert bounded by Eagl/Nhel restriction enzymes sites in
the pRS315NOP1prGFP11-mCherrySCS2TM Smoyeret al., 2016)with aPCR
cassette bounded by Eagl/Nhel restriction sites and containibngXRéprGFPy1-

SCS2TMnsert.

pPRS315NOP1prmCherrySCS2TMGFP11was generated by replacing the
NOP1prmCherryinsert bounded by Eagl/Nhel restriction enzyme sites in the
pPRS315NOP1prmCherrySCS2TMGFP1 (Smoyeret al.,, 2016) with a PCR

cassette bounded by Eagl/Nhel restriction sites and containing the NOP1pr insert.

Table 2-2. Plasmids.

Plasmids Utilization Reference

pRS315 -empty plasmid control Sikorski
-backbone for integration of | and Hieter,
SMT3pEeHiss-SMT3HPH 1989
insert

pRS318UIp1-GFP -used to visualize the Elmoreet

localization of exogenously | al.2011
expressed Ulp1l relative to
endogenous Ulpl; control for
pRS315ulp1°SPNGFP

PRS31&ulp1°SPNGFP -used to visualize the Elmoreet
localization of catalytically al.,2011
deadulpl

pRS318UIp1l -control forpRS315ulp1®SPN | Gift from

Dr. Chris
Ptak
University
of Albeta

PRS318ulp1°SPN - catalytically deadilpl used | Gift from
in INO1localization assays | Dr. Christ

Ptak
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University

of Albeta
pRS318CUPpr-Siz2V5; -used to exogenously expresg Gift from
Siz2 at levels similar to Dr. Christ
endogenous Siz2 levels. Ptak
University
of Albeta
PRS315NOPprSiz2V5; -used to exogeyusly express | Gift from
Siz2 at higher levels than Dr. Christ
endogenous Siz2 levels. Ptak
University
of Albeta
pTM1198 -used for integrating the codir] Lapetinaet
sequence for the \d%ag at the | al.,2017
36 end of rel
pFA6akanMX6PGALL3HA | -backbone for integration of | Longtineet
SCS2pi3HAINnsert al., 1998
pFA6akanMX6SCS2p3HA | - used for genomic integration These
of N-terminally tagged®CS2 | studies
PGEM4Z-mCherryNAT -used to integrate the coding | Cairoet
sequence for al.,2013
end of relevant genes
PRS318SMT3prHiss-SMT3 | -used for genomic integration| These
HPH of N-terminally taggedSMT3 | studies
PFAGNAT-CDC42prGFP110 | -used to integrate treding Smoyeret

sequence for GRRoa t t h
end ofSCS2

al.,2016

pRS318GFP11--mCherryHxk1 | -used to visualize cytoplasmi¢ Smoyeret
localization of GFR10 al.,2016
pRS318GFP1;--mCherryPusl | -used to visualize nuclear Smoyeret
localization of GFR10 al.,2016
pFA6-NAT-CDC42prGFP1i | -used to integrate the coding | Smoyeret
10 sequence for GRRoa t t h al.2016
end of relevant genes
pRS31NOPprGFP;1- -used to visualize Smoyeret
mCherrySCSTM nucleoplasmic/cytosol al.,2016
membrane localization of
GFP.-10
PRS315NOPprmCherry -used to visualize ER/nuclear| Smoyeret
SCSTMGFP11 lumenal localization of GFRo | al.,2016
PRS315NOPprGFP3- -used to visualize These
SCSTM nucleoplasmic/cytosol studies

membrane localization of
GFPw10in conjunction with
pPRS316CYC1peNUP60-24-

OPI1%%-mCherry
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PRS31ENOPprSCSTM -used to visualize ER/nuclear| These
GFP11 lumenal localization of GFRRo | studies
in conjunction withpRS316
CYC1prNUP60-24-OP11°%
mCherry
PRS316CYC1prNUP60G-%*- | -used to visualize INM PA Romanausk
OPI11°2-mCherry aand
Kohler,
2018
YCplacl1iPAHI1-PtA -control forYCplac111 Santos
pah18110/8114/8168/8602/T723/5744/8' Rosaet
4-PtA al.,2005
YCplacl1l1 -constitutively active Pahl O0 Hatr g
pah 18110/S114/S168/5602/T723/S744/S7 al. ,2006
“-PtA

2.3 Antibodies

Primary antibodies used include rabbit polyclonal -&mit3 (Wozniak
Lab), mouse monoclonal antis (AbCam ab27671), mouse monoclonal -l
(Santa Cuz sec7392), rabbit polyclonal antClb2 (Santa Cruz s@071), rabbit
polyclonal antiPrA (used to probe ScsPAP; Sigma P3775)abbit polyclonal
anttGFP (Wozniak Lab),and rabbit polyclonal antéspl (Wozniak Lab).
Secondary antibodies used: goat -aakbit IgG (H+L}HRP conjugate (BioRad
170-6515) and goat anthouse IgG (H+LHRP conjugate (BioRad 176616).

Antibodies were all used at a 1:10 000 dilutionwesterrblot analysis

2.4 Affinity purification of TAP fusion proteins

Affinity purification of TAP-tagged proteins was performed as described
(Van De Vosset 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 fré&PD to an Olgyoof 0.1.
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In the case otell cycle arrest/releaseo-immunoprecipitations cells from the
starter culture wer e-artestleledse dr 2L ohfresh SC o f
-Met (Cdc20 degradation) to an @of 0.1. Cultures were then incubated at 30°C

to an ORoo~ 1.0. Cells were pelleted, washed once with 25 ml cold@dithd the

pellet was transferred to a syringe. Cells were then flash frozen by pushing the cells
through the syringe directly into a 50 falcon tube containing liquid nitrogen. The
liquid nitrogen was removed, and the noodles were storDAE. In the case of

cell cyclearrest/releaseo-immunoprecipitations an OD equivalent of 1000 was
pelleted and used to produce noodles. Remainitlg were washed and diluted

into fresh medium for arresixperimentsas 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 liquid2N The resulting pwder was stored

at-80°C.

1 g of lysed cell powder was resuspended in 2ml of cold IP buffer (2mM
MgClz, 20mM HEPESKOH (pH 7.4), 0.1% Tweef0, 110mM KOACc, antifoam
B emulsion at 1:5000 dilution, and protease inhibitors (1 complete Efb&eA
pellets (Rock 05056489001)/5! buffer). The suspension was incubated on ice
for 30 min, with vortexing every 5 min. The resulting lysate was cleared by
centrifugation at 1 509 for 10 min at 4°C. 25 pl of the clarified lysate, representing
the load, was added tavl of ddH:0, followed by TCA precipitationT he resulting
pellet was resuspendeéd 75 ml of 2X SDSPAGE sample buffer. 3 mg of 1gG
conjugated magnetic beads (Dynabeads; Invitrogen 143.01, Rabbit 1gG; Sigma

15006-10MG) in 100 ml of IP buffer ereadded taheremaining2 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 usingn@.5° buffer conaining incrementally
increasing concentrations of Mg&0.05, 0.5, and &1) followed by a final elution

using 0.5ml of 0.5M acetic acid to release the TAP fusion protein from the beads
(Bound). To the 500 ul eluate fractions 500 pl of ddkvas added ftowed by

TCA precipitation as described above. All samples collected were analyzed by
western blotting. In the case of SpOAP 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 (Alberet al.2007; Van de Vosset al.2013). 10 mg of rabbit IgG
(SigmaAldrich, St. Louis, MO, USA) was dissolved in 2 mL{ghosphate buffer
(0.1 M NaPQ pH 7.4) for 10 mintes under rotation at RT. The solution was
clarified by centrifugation at 14,000 rpm for 10 minutes at 4°C. 2 mpiNsphate
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 resdsp@mg of Epoxy M270
Dynabeads which had been washed and equilibrated with tpad$phate buffer.
Conjugation of IgG to magnetic beads was facilitated by incubation 30°C for 20
hours under rotation. Following incubation kg@njugated beads were washed
once with 1 mL 100 mM glycine pH 2.5, once with 1 mL 10 mM PHE8.8, once
with 1 mL 100 mM triethylamine pH 6.0, four times with 1 mL PBS for 5 pen

wash once with 1 mL PBS + 0.5% triton-X00 for 5 min, once with 1 mL PBS +
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0.5% triton %100 for B min, followed by three consecutive washes with 1 mL
PBS for 5 minfor each washWashed 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 wasoduced as described in 2.4. 1 g of lysed cell
powder was resuspended in 10 mL of resuspension buffer (8 M Urea, 50 mM
NaPQ (pH 8.0), 500 mM NacCl, 1% NP4igepal) and the mixtuneas resuspended
by vortexingat RT. The lysate was cleared by centrétign at 15 000 rpm for 20
min. 25l of the clarified lysate, was added to 1 ml d@Hfollowed by TCA
precipitation and resuspension in 100 ml of 2X SBYXSGE sample buffer (Load
sample). The remaining lysate was transferred to a 15 ml falcon tube and & ml of
50% slurry consisting of NiINTA 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 NaggH 6.3), 500 mM
NaCl, 1% NP4dgepal) The supernatant was removed by pipetting, followfrey
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 NaP&D0 mM NaCl, 1%
NP4GIgepal adjusted to pH 4.5) was addedthe 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 volumeof 100 ml 2X SDSPAGE sample buffer. Load anduate 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 50ul 2X SBSGE sample buffer, heated at 70°C
for 15 minutes, sonicated (Branson Sonifier 250) andtedllgy centrifugation to
remove debris prior to being load onto SDSPAGE gels for analysis. In the case
of Pah1PrA, whole cell lysates were subjected to 0.1N NaOH extraction for 5

minutes at RT, before resuspension in 50ul 2X $S&E sample buffer.

Protein samples were resolved by SBPSGE gels containing 8%
acrylamide and were transferred to nitrocellulose membranes. Following transfer
membranes were blocked with 5% skim milk powder resuspended #THBBS
containing 0.1% TweeR0) for at least 1 h at RT. Fresh blocking buffer
supplemented with primary anbdy was added and the membrane was incubated
overnight at 4°C. Primary antibodies are lisee8 Membranes were then washed
with PBST for 15 minutes three times, followed by incubation in fresh blocking
buffer supplemented with a secondary antibbtRP conjugate 2.3)for at least 1
h at RT. Membranes were then washed three times with PBST and proteins were
visualized bychemiluminescence (AmershaRPN2106) using an ImageQuant
LAS 4000 (GE) imaging system, with exposure times taken in 10 second
incremens. All western blot images were rendered using Image J software

(National Institute of Health).

2.6 Phosphatase treatment
Whole cell lysates in 2x SDBAGE sample buffer were methanol

chloroform extracted50ul of chloroform, and 150 of ddH.O were added
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sequentiallyto a50 ul lysate sample. The mixture was centrifuged for 2 min at
15000 rpm. The resulting top layer was removed andquB6Dmethanol was added

to the remaining sample. The mixture was vortexed and centrifuged for 2 min at
150 rpm. Residual liquid was removed, and the resulting pellet air dried. The
dried pellet was resuspended in @ @®f 0.5% w/v SDS. 1Ql of this sample was
added to 1Qul of lambda phosphatase buffer (New England BioB0%613, 10

pl of 10 mM MnCh, 1 ul lambda phosphatase (New England Biolabg533 and

69 ul ddH.0. For thePPase sampled lambda phosphatase was replaced with 1
pl of ddHO. Reactions were incubated at 30°C for 1fdllowed by TCA
precipitation, and resuspension of the resultingepéll 25 ml of 2X SDSPAGE
sample buffer. Samples were heated®@tC for ~15 min prior to western blot

analysis.
2.7. Alphafactor arrest release

All strains used indactor arrest release assays wWd@Ta barlg Starter
cultures were incubatexvernight at RT and diluted to an @g=0.1 in fresh media
the following day. Cultures were grown for ~2 % hours at 30°C before the addition
of Ufactor (Sigma T6901)U-actor was added at 10ng/ml in YPD medium and
20ng/ml in SC medium. Cultures were ibetied at 30°C for ~ 2 h 15 min to induce
G1l-phase arrest. G1 arrest was monitored microscopically for the accumulation of
cells with a schmoo phenotype. Collected arrested cells represent the O min time
point. The remaining cells were pelleted, washecresively with water, and

resuspended in fresh media to a finalé@®0.6. Cultures were grown at 30°C and
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collected at indicated time points for analysis by western blottingPC&hIP or

epifluorescence imaging.

2.8 Cdc20shutoff

All strains used formetphase arrest werewgrszHAs-CDC20. Starter
cultures were incubated overnight at RT in $4&t. Cultures were diluted to an
ODs00=0.1 in fresh SCGMet media the following day and grown for two generations
at 30°C before the additiaf methionine. Cultures were incubated at 30°C for 2 h
to inducemetaphasephase arrest. Arrest was monitored microscopically for the
accumulation of largbudded cells. Cells were collected for analysis by western

blotting, CalP, or epifluorescence imamy.

2.9INO1 induction

Overnight culturegrownin SC +inositol media at RT were dilutéal an
ODeo=0.1 in fresh SGrinositol then incubated at 30°C to an &é>= ~0.8. Cells
were then pelleted, washed once with wased thenresuspended in synthetic
media lacking inositol to an Qb = 0.5 to inducdNO1 activation. Cultures were
incubated at 30°C for the indicated times followed by analysis by epifluorescence

imaging, RFqQPCR, or ChIP.

2.10 FACs analysis

An equivalent to Okyo = 1 of cells were pelleted, resuspended in 1 ml of
70% ethanobnd incubated overnight at 4°C. Cells were washed twice with 1 ml
50 mM TrisHCI (pH 8.0). Cells were then resuspended in 0.5 ml of 50 mM Tris

HCI (pH 8.0) containing RNase A (0.4 mg/ml) and incubated at 37°C for 2 h.
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Following incubation cells were waghawvice with 1 ml 50 mM TrigHCI (pH 8.0)

and the final pellet was resuspended in @gDOf a 5 mg/ml pepsin solution (5 mg
pepsin, 54l conc. HCI, per ml ddiD), and incubated at 37°C for 1 h. Cells were
washed with 1 ml of 50 mM TrBICI (pH 8.0). Cellsvere resuspended in 250
propidium iodide solution (50 mM THBICI (pH 8.0), 50ug/ml propidium iodide)

and incubated overnight at 4°C. gbof this cell suspension was added to 2 ml of

50 mM TrisHCI (pH 8.0) in a round bottom tube and the sanwaées 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 OQdgp=10 equivalent of cells was analyzed by-RT
gPCR as previously describen Wanet al.20092 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 mMICHj<l0
mM EDTA, pH 7.5, 0.5% SDS)rmal 1 ml unbuffered acidic phenol. Samples were
vortexed and incubated in a 65°C water bath for 3Q 8&mples were therortexed
and incubated in the 65°C water bath for another 30 min. Following incubation, cell
lysates were centrifuged at 4000 rpm feefminutes. 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 agqueous layer by adding an equal volume éflachloroform taheiso-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 gl at -20°C overnight. Tie 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 adiried pellets were resuspended in 100uD&PC water

and concentration of RNA was measured using spectrophotometry.

2 ug of total RNA was treated with DNasel (Invitrogen, Carlsbad, CA, USA)
and incubated for 15 min at RT. The DNasel digestion was quenched by the addition
of 1 eL of 2 mculbatibn & €TCAor BOmoh. cDNA was then amplified
from DNase treated RNA using random primers and 200 units of Superscript Il reverse
transcriptase (Il nvitrogen) according to tt
cDNAs were diluted 10fold. Reations were assembled usiRgrfeCTa SYBR green
PCR mix (Quanta Biosciences 950580), as per the manufactul
including oligonucleotides listed in TabB3. Primers for RTgPCR were designed
wi t hi nend df éheirTdding regions of their target cDNAs to generate PCR
products ~120 bp in lengtReactions were carried out on an Mx3000P QPCR System
(Agilent Technologies).The relative fold enrichment of ifmhted mMRNA was
evaluated by thep @@t methodLivak and Schmittgen 2001 he expression levels of
each gene was normalizadainst expressn levels of a load control to generatgi@t
value. The expression of each gene was then normalized to the corresponding WT
sample to generatp @t values. The relative fold enrichment of mRNA for indicated
strains relative to WT was given a$*2¢'based on the assumption that the PCR
reaction was 100% efficienExpression levels of th@CT1land/orTUB2genes were

determined as load controls, as indicated.
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Table 2-3. Oligonucleotides used in RIgPCR
Target cDNA | Oligonucleotide sequence

ACT1 S-GGATTCCGGTGATG GTGTTA
AS-TCAAATCTCTACCGGCCAAA

INO1 S-CACCATGGAAAACCTCTTGC
AS-GGGGACACCTTCCAAGATAGA

TUB2 STACTAGTGAAGGTATGGACGAATTG
AS-TTCTTCATCATCTTCTACAGTAGCC

YFRO57W STCTTTGCGTGGCAATATACCTCATA
AS-TCTGAGACGAAGTCGTTGCTAAAAT

YKR105C S ATGGAGGAAACTAAGTACTCTTCGC
AS-GGAAAGTCCCATTGGAGAATCATTG

YPR201W S CTGCAAAGTTTCCTGGGAGT
AS-CAAAGGACCGATGACCCAAT

YGL263W S GAGGACGAATACTTACATGTTTGAG
AS-AGATACAGGGGTACTGAAATACCAT

YELO73C S-GCATGGTCTAATACAGTTCCGTTAG
AS-AAGGGTTTCATTCATCCAGATTACG

YKR106W S CGACCCGTCTCACCATGTAT
AS-CATTTCAAGGAGGAGAAATCTGAG

2.12 RNA Seq

Wild type,s i zaBdgizZ5?2%2"*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 analysidgpgline as performed by the Aitchison lab
included RNA-Seq paireeend reads of ~5Bp were mapped to genomic sequence
of S. cerevisiastrain using BWA (BurrowdVheeler Aligney. The mapped reads
wereextractedn proper pairsvith aminimum MAPQ(MAPing Quality) score of
20 by SAMtools and then were aligned to annotated transcripts by BEDtools.
Pairedend reads were then visualized by ChromoZobime. transcript abundances
were calculated based on FPKM (Fragments Per Kilobase of transcriyiilpeay
mapped readsAll FPKMs of annotated transcripts were normalized by an upper
bound quantile normalization. The statistical significance for transcript level
changes was calculated usings$t based ofFPKMmu/FPKMwt) values against an
empiricalnull distribution. The empirical null distribution was computed from all
possible permutations of the samples. pFDR values were calculated usiadpthe
MATLAB function. Transcriptional differences in expression profiles were

represented as log2 fold cluges.

2.13 Subtelomeric genailencing assay
Yeast strains used for the assessment of subtelomeric gene silencing are
derivatives of UCC3505, in which the reporter get#RA3 and ADE2 are
integrated adjacent to Tel7L and Tel5R, respecti@inger and Gottschling
1994) Integration of repoer genes was an adjacent 81 bp sequence of tedbomer
repeats (T@s3) thatwere integrated intdDH4( Tel 7L) and a YO el emen
resulting in the truncation of the endogenous chromosomes, and the generation of

new telomeres to which telomerase adds tetanmepeats to.
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Cells cultures with indicated gene alterasomvere generated by
transformation as described in (2.1)-fdd serial dilutions of cell cultures were
spotted onto SC, S@ra-Ade and SC + 1mg/ml-BOA plates. Plates were then

incubated fo 3 days at 30°C.

2.14 Chromatin Immunoprecipitation

Chromatin immunoprecipitation experiments were performed as previously
described ifWanet al., 2009) An ODsoo = 50 equivalent of cultures in midg
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 addeddaoncentration df25mM followed by a 5 min
incubation at RT to quench crosslinking. Cells were pelleted, washed with TBS and

the resulting pelletvasflash frozen using liquid nitrogen and storedgit°C.

Cells were resuspended in 500 ml FA lysis buffer (50mM HERBS! pH
7.5, 150mM NaCl, 1mM EDTA, 1% Triton -X00, 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 th&nicated (Branson Sonifier 250) on ice to shear
chromosomal DNA to an average size of ~ Bp0Sonicated lysates were clarified
by centrifugation at 14000 rpm for 10 min4®C. 50ml of clarified lysate was
removed for reverse crosslinking and isolataf DNA which was assessed by
electrophoresigor appropriate sheared size of DNReverse crosslinking and
DNA isolation is described below. The remaining lysate was flash frozen with

liquid nitrogen and stored &é80°C to be used for ChiBnalysis
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Frozen lysatewere then thawed on ice and diluted with FA lysis buffer;
1.5 mlfor 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 belw. 1 ml of the remaining lysate was then incubated with 5 ml of
ssDNA (10mg/ml) and2 pl of mouse monoclonal a5 antibody (Abcam
ab2767), 4 pl of rabbit polyclonal aPrA (Sigma P3775) antibody or 4 ul of
rabbit polyclonal antEmt3 (SUMO) antibodyWozniak lab)for 2 hours at 4°C.
30 pl of Protein G Dynabeads (Invitrog&®004D per IP were resuspended in PBS
+ 1% BSA. 10 pl of heatlenatured ssDNA was added to the resuspended beads
and incubated under rotation at RT for 30 min. The beads wereviiighed three
times with PBS, three times with FA lysis buffer and resuspended in 50 pl of FA
lysis buffer. Following antibody/lysate incubation washed Protein G Dynabeads
were addedo 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 THEI pH 8,
0.25M LiCl, 1mM EDTA, 0.5% NP0, 0.5% sodium deoxycholate), and 1X with
TE buffer. After the final vash, chromatin was eluted from the beads using 2 rounds
of incubation at 65C for 10 minutes with 20nl of TE 1% SDSInput and ChIP
samples were then reverse crbsked by overnight incubation at 65°C. The
following day 5 ul of Proteinase K (20mg/mha1 ul of glycogen (20mg/ml) were
added to the samples and incubated at 37°C for 2 h. 40 ul of 5M LIiCI was then
added to each sample, followed by phenol/chloroform extraction, and ethanol

precipitation. The resulting DNA pellets were resuspended in 3&and 5 pl of
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RNase A (5mg/ml) and incubated at 37°C for 1 h followed by purification using
Qiagen PCR Purification Ki28106) Samples were eluted from PCR kit columns

using100ul of 10mM TrisHCI pH8 and stored aR0°C.

DNA samples were analyzed b @R as described (Makio and Wozniak
2020) ChIP and Input DNA were used to amplifietarget sequences of interest
using PerfeCTe&8YBR green PCR mix (Quanta Biosciences 95866) and a
MX3000 (Agilent) instrument. The relative fold enrichment of chromatin
immunoprecipitated with the protein of interest was evaluated by tfi¢ method
(Livak and Schmittgen 2001)PCR amplification of each region was first
normalized against the amplification of the corresponding Input DNA to generate
agCtvalue. Each region was theormalized to the amplification of a na@pecific
binding control region including either 17.1 kb from Tel6R (subtelomeric Chip for
Sird) or an intergenic region in Chromosome V (subtelomeric ChlIP for SUMO &
INO1 ChIP), to generateg @t values. The relatesfold change of chromatin over
background was given asP®$ based on the assumption that the PCR reaction was

100% efficient. Oligonucleotides used for qPCR are listed in Talle

Table 2-4. Oligonucleotides used in gPCR
Target DNA Oligonucleotide Sequence

Chromosome \ SACATTCTTGGAAA CCCATCG
Intergenic region AS-TCGTATCATGATTTAGCGTCGT

INO1 GRS1 STCGTTCCTTTTGTTC TTCACG
AS-GCCTCCGCATATTTCACATT

INO1 A S AAATGCGGCATGTGAAAAGT
AS-AGAG GTGCGCTTTCTCTGC
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INO1 B S AGAGAAAGCGCACCTCTGC
AS-AGGAACCCGACAACAGAACA

INO1C S-CGACAAGTGCACGTACAAGG
AS-CAGTGGGCGTTACATCGAA
INO1 D SCTTCGGCTCC 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 SCGTTCTTCTTGGCCCTTATC

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 leghase cells 0.6 ml of 10phosphate buffer (1M
KH2PQs, 370 mM KOH, 0.5 mM MgC) and 0.8 ml of 37% formaldehyde was
added, followed by incubation at 3D 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 somitol-citrate buffer (100 mM KPQy, 3.6 mM citric acid, 1.2 M sorbitol, 0.5

mM MgCly) and DTT was added to final concentration of 1 mM. Cells were
pelleted and incubated at D for 20 min in 100 ml of sorbitatitrate buffer
supplemented with 2 mg/ml 20Zymolyase. Following incubation cells were
pelleted and washedx2with 1 ml sorbitolcitrate buffer. The final pellet was
resuspended in 50 ml of sorbiatrate buffer. 20 ml of the cell suspension was
pipetted onto a mukivell slide coated with 0.1 %ofy-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 additieBS 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 aBtYMO 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 1IgG antibody (Life technologies11055 at a 1:200 dilutiorwith a 1 h
incubation6) 10x wash with PBST, 0.1% BSAftar the final wash, 7) ~ 3 ul of
DAPI-FluoromountG (SouthernBiotecl®910020) 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 dde#taVision Elite imaging

system (GE Healthcare Life Sciences) with6@x/1.42 NA oil, Plan Apo N
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objective (Olympus). Images were collected as 15 xun2zstacks, except for
images used for calculating nudleaurface area which involved 40 x Quéh =z
stacks, using the SoftWoRXx software, (version 6.5.2, GE Healthcare Life Sciences).
All cells used for live cell imaging were grown to mal phase at 30°C, except

for GFRSIiz2 strains which were incubated at RTml of cultures were pelleted,
washed once with diD, and resuspended in SC. 1.5 ml of this cell suspengisn

then spotte@nto a microscope slide and imaged at RT.

2.15.1 Image analysis
Images were rendered and analyzed using Image J (NIH). Reptesent
images used in figureand for quantificatiorwere 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
smaltbudded cells, round nucleus away from budneck; anaphase/telodrase

budded cells, barbell shegh nuclei.

For line scan quantifications images from each channel were rendered in
Image J as described above and converted telani®age. A line of a specific
length, was drawn through individual cell nuclei and the fluorescence intensity
along the lhe 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 PusGFP signal or that the line passed through two points of the

Sur4mCherry signablong the NE, avoiding the nucleolus. Howe the weak
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NE GFRSiz2 signal inscs¥8R andsiz2*"?#"*Apackgrounds was most apparent
in the regions adjacent to the nucleolus, lines drawn through the nuclei of these

cells were initiated at the NE regi adjacent to the nucleolus.

The NE localization of SiM5FP foci was determined as previously
describedLapetinaet al., 2017) Cells producing Si45FP and the nuclear/ER
marker SurdmCherry were acquiredl5 x 0.2 um zstacks Images were
deconvolved using the iterative 15 cycle conservative ratio in the softWoRx
program(version 6.5.2, GE Healthcare Life Sciences) and rendered lusaggeJ
(National Institute of Healjh Distinct Sir4eGFP foci wereounted, and grouped
as either: colocalizing, where complete or partial signal overlap was observed
between SireeGFP and SurfhCherry, or not colocalizingith the NE sighalCo
localization was then expressed as a percentage of the total number&a®SH4

foci.

The subnuclear position of thdO1 locuswas assessed relatitethe nuclear
periphery (Nup49nRFP signal) and was considered to colocalize with NPCs when the
GFPRlacl focus fully or partially overlapped with Nup48RFP, similar to the
previowsly described methad. H. Brickner and Walter 2004; Donna Garvey Brickner

and Brickner 2010)

Tell4L position inside the nucleus was determined relative to the NE
marker Sec6®GFP(Van De Vosseet al., 2013; Lapetinaet al., 2017) Images
were acquired a%5 x 0.2um zstacks, 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 nug¢léi{e TDf ratio

90



(R) was used to group telomeres into three concentric zones ofvetiuak Zone

1 represents foci with ratios O 0.184 x R
ratios > 0.184 x R and < 0.422 x R; and zo
x R. Thismethod was only used in cells, and at cell cycle stages, where the nuclei

remained spherical. In Mhase or mutant cells where nuclear flares were observed

the localization of the GFRagged telomeres was determined to colocalize with the

NE when the focifully or partially overlapped with the NE localizaed marker,

Sec63GFP.

The surface area of the nucleus was determined using Imaris surface
analysis(Surface detail 0.2am , Thresholding: Background Subtraction 0.81299
pm). Images processed in Imaris waguired ad0 x 0.2um zstacks, andnages
were deconvolved using the iterative 15 cycle conservative ratio in the softWoRx
program(version 6.5.2, GE Healthcare Life Sciencds the case of Mphase cells
wherethe 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 nriyamaguchet 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 mit cells.
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Chapter Il : Recruitment of an activated gene to the
yeast nuclear pore complex requiBddMOylation*

* A version of this chapter has been published and wasitwored in conjunction

with N. Park and C. Ptal8aik, 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 Coplex 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 trangtional activation of specific genes, suciN®1,
is facilitated by variougomponents of the NPC which are referred taNags.
Several Nups, which play a role in the NPC associatidiNGX1, alsofunctionally
and physically interact with the SUMGopeptidase Ulpl. These observations led
us to investigate the role of SUMOylation and deSUMOylation in the localization
and expression dctivatedNO1. Our analysis shows thattivation of INO1is
accompanied by changes in the SUMOylation of proteassociated with
thelINOllocus. These changes are dependent on the binding of the SEBMO
ligase Siz2 and the SUMO isopeptidasedlpl, to specific regions of
theINO1llocus. Our results indicate that Sieediated SUMOylation is a crucial
regulator ofiNO1ltargeting to the NPC and a cycle of SUMOylation and

deSUMOylation events at the NPC contributes to the activatitd@1.
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3.2 Results
3.2.1Ulp1 interacts with activated INO1.

Numerous yeast genes are repositioned fromuickoplasm ttNPCs upon
activation, including théNO1 gene(J. H. Brickner and Walter 2004; Texatial.,
2013; Donna Garvey Bricknet al., 2019) When cells are switched from medium
containing inositol to medium depleted of this carbon sourcelNf@d gene is
targeted to NPCand transcriptionally activate@he association @fctivatedNO1
with the NPCs is dependent on Nup60 and the related/MIp2 proteingDonna
Garvey Brickneret al., 2007; Ahmedet al., 2010; Lightet al., 2010; Donna
Garvey Bricknelet al., 2019) Both Nup60 and the Mlps are also requifedthe
assocaton of the deSUMOylase Ulpl with the NPQ¥. Zhao et al., 2004;
Palancadet al., 2007; Srikumar, Lewicki, and Raught 201Bhis could represent
a system thatvould facilitate an interaction ofUlp1 with the INO1 locus at the
NPCs. Therefore, we tested whetherti®1 gene physically interacts with Ulpl
upon induction. Prior to induction, no significant enrichment of tRpA was
detected along théNOL1 locus, as determined by (Fh analysis. However,
following activation, a significant increase in Ulpl occupancy was observed within
the INO1 ORF (Fig. 31). These results show that Ulpl associates with specific

regions of theNO1 gene upon its induction and relocalizatiorthe NFCs.
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Figure 3-1. Ulp1l interacts with the inducedNO1 gene.A) Diagram of théNO1

locus with regions investigated by CrdRalysis relative to the transcriptional start
site (arrow), GRS1 sequence, and open reading frame indicated Bglbilp1-

PrA producing cells were first grown in medium containing inositol (repressing
conditions) and then transferred to medium lackmasitol (inducing conditions).
Cells were collected 0, 1, and 3h aft8lO1 induction and subjected to ChIP
analysis using antibodies directed against PrA. Occupancy ofRippat the NO1

locus relative to an intergenic control was examined by gPCR psimgr pairs

that amplify regions diNO1lindicated in panel A. Shown is the relative fold change

in Ulp1-PrA association with the various regionsldfO1 for the indicated times
after induction relative to uninduced samples. Graphs represent 3 biological
replicates. Error barSEM. Asteriskssignificant change in UIpPrA association

with INO1 relative to uninduced counterpart using a pairedttweni | ed -st udent 6s
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 ofNO1 requires Ulpl isopeptidase

activity at the NPC.

To evaluate whethethe interaction oUlpl with INO1 at the NPC \as
necessary faiNO1relocalizatiorand activatiorupon induction, we examined how
alterationsto Ulpl localization affectedhe activation ofINO1 NPC binding
domains of Ulpl include resides150 ( | p.isgppand 156340 U | pisdasp).
Mutants lacking either domain still bind to NPCs; however, mutants lacking both
domains ¢ | pudgpshow reduced levels of NPC associatigh J. Li and
Hochstrasser 2003; V. G. Panet al., 2003) We assessedhe sulnuclear
localization of theINO1 locus prior to and following inductiomivariousulpl
mutants lacking domains required for NPC association. The positibiOdf was
visualized by tagging the gene witHaaO;zs6 cassette in cells also producing the
GFPRlacl protein(Brickner and Walter2004; Ahmedet al.201Q Fig. 32A).
Induction ofINO1 led to a rapid accumulation 8fl01::lacOxsd GFPlacl foci at
the nuclear periphery in WT cells and cells producinguthe pi-dsoqr u | pisba6p
truncations (Fig. 3-B). In contrast, cells producing the | p.&odryuncation
(mutant ulp1 which fails to associate with the NPC) did not significantly change
INO1 localization following induction (Fig. 3.2B) aiNOL1 transcript levels at
various timesdllowing induction (Fig. 2C). In contrast, cells producingl p-1 o
1500r u | pusdagptruncations had WT levels diNO1 gene expressiofFig. 3-2C).

To test whethethe phenotypes associated with the p-&ogputant were due to a
loss of ulp}aoe21atthe NPCs or inappropriate ukpdezilocalization and activity

within thenucleus, we exogenously expressed
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Figure 3-2. Ulpl association with NPCs is required for NEassociation and
expression ofINO1 following induction. A) INOL1 localization relative to the
nuclear envelope prior to and following induction was examined in cells containing
anINO1-lacOzs6 constuct and producing a GHBcl (green). Cells also produced
Nup49mRFP (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 kessociated with the NE when the GEl signal

fully or partially overlapped with Nup4RFP. Bari 2 pm. B and D) The
percentage of cells showing NiSsociation ofNO1-lacOxsewas determined prior

to (Oh), 1h and 3h post induction WT and the indicaté ulpl mutant strain
backgroundsTheulplaa.z4o strainsweretransformed with either an empty plasmid
(PEMPTY) or a plasmid containing a version of WILP1 (pULP1). Graphs show
data from 3 biological replicates where n=50 cells per replicate. ErroiSBars
Asterisks significant change inINO1 NE-association inulpl mutant strain
backgrounds relative to WT cells at corresponding time points using-taited

st ud etest Hp<0.0t.C andE) Levels ofINO1 encoded mRNA following
induction (0, 1, 2, 34h) for the indicated strains as determined bydgRTR.INO1
MRNA levels were normalized t&CT1 mRNA. Graphs show data from 3
biological replicates. Error barSEM. Asterisks significant change inNO1
MRNA levels in ulpl mutant strain backgrounds relative to WT cells at
corresponding time pointsusingativaa i | e d -tedt.¢*pk0.01t 6 s t
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Ulpl inu | pedoomutant cells; this restoreldNO1 localization (Fig. 32D) and
transcription to WT levels (Fig-3E). Togetherthese resultsuggesthattheNPC

localization of Ulp1l is necessary for the proper regulatidiN@fl upon induction.

The effects of ther | prdoomutant onINO1 localization and expression
could be the consequence of losing theNninal domain of Ulp1 (residues340)
or losingthe isopeptidases activitgf Ulpl at the NPC. To distinguish between
these possibilities, we e Xsptnincawod towhet her
NPCs coul d igqassociatedNOdp lpelmgpot ypes. Wert et her ed
aso truncation to the NPCs by constructing a chimeric gene where the catalytic
domain of Ulpl (residues 34R1) was fused to the-t@rminus of Nup53 (Fig.-3
3A). This fusion protein restored NPC association of ulpl (FgBBand resulted
in WT levels oI NO1mRNA (Fig. 33C) and NPC localization following induction
(Fig. 33D). These results are consistent with a requirement for Ulpl isopeptidase

activity at theNPC in regulatingNO1 localization and gene expression.

We also examined whether altering Ulpl isopeptidase activity at the NPC

could inhibit INO1 localization and transcription upon induction. We utilized a
catalytically deadJLP1 mutant (lp1°SPN which inhibitstheisopeptidases activity

of Ulplindependently ofhetargetingof Ulp1to the NPQMossessova and Lima,
2000; Elmoreet al.2011 Fig. 3-4A). Because thelp1cSPNmutant does not support
cell viability in the absence of WT UlpEImoreet al., 2011) we expressed the
ulp1®SPNmutant n WT cells and assessed for a dominsegative phenotypor

INO1 localization and transcriptional activatianp1°SP°NGFP localization to the

NPCs was inversely proportional to WT UtpiCherry (Fig. 24B), suggesting the
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mutant protein could compete with WT Ulpl for NPC binding sites. Consistent
with the requirement for Ulpl isopeptidase activity at NR& facilitate INO1
relocalization upon induction, cells expressing tifEl“S°Nmutant prevented NPC
association of théNO1 locus upon induction (Fig.-8C). Cells expressing the
ulp1°SPNmutant did not reducBNO1 expression following induction (Fig-&A),
suggestinghe mutant may not exhibit a dominarggative phenotype fdNO1
expression. Together these data suggest that Ulp1l isopeptidase activity at the NPC

facilitates relocalization of th&NO1locus upon induction.

Several Nups regulatdNO1 localization and expression following
induction, including Nup60 and Nup@onna Garvey Brickneet al., 2007;
Ahmedet al., 2010; Lightet al., 2010; Donna Garvey Bricknet al., 2019) which
havealsobeen shown to physidgland functiondy interact with Ulpl. Nup60 is
requred fortheNPCassociatiomf Ulpl andfor maintaining cellular levels of Ulpl
(Palancadeet al., 2007) Nup2 interacts with Ulpl and has been reported as a
SUMO target(Folz et al., 2019; Hannichket al., 2005; Srikumar, Lewicki, and
Raught 2013)We tested whether defectsIMO1 localization and expression in
n u p Gedgo p Zepsweredepended on Ulpl catalytic activity at NA@Gusing
the Nup53ulp134%621 protein inn u p 6afde u p Geants. The Nup58Ip134©¢
62LGFP fusion showed an NPC localization pattern in ot p 6a@dp u p 2 @
mutant cells (Fig. $A), andrescuedNO1 recruitment to the NPE(Fig. 3-5B)
and restoretNO1 mRNA to WT levels (Fig. &C) following induction. Based on

these data, we conclude thihe defectesn INO1
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Figure 3-3. Tethering ofthe C-terminal domain of Ulp1 to the NPC supports
NE-association and expression dNO1 following induction. A) Diagram of the
NUP53-ulp134%621 chimera used to replace endogenbli$1. B) Localization of

GFP taggedNUP53ulp134%%2! chimera. Ba®2 um. C) The percentage of cells
showing NEassociation ofNO1-lacOzsein indicated strains following induction
(0,1,3h). Localization ofNO1-lacOpse 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 barSD. Asteriskssignificant clange inINO1 NE-association of
variousstrains relative to WT cells at corresponding time points using -datieal

st ud etestt *§ps0.01.D) Levels ofINO1 encoded mRNA following induction

(0, 1, 2, 3, 4h) for the indicated strainsdescribed in Fig.-2. Graph shows data
from 3 biological replicates. Error barSEM. Asterisks significant change in
INO1 mRNA levels in varioustrains relative to WT cells at corresponding time
pointsusingatwd ai | e d -wedst dpdG0d.Strdns wdre 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. Ulpl catalytic activity is required at the nuclear periphery to
facilitate the NE-association of INO1 upon induction. A) Epifluorescence
images of WT cells producing plasméticoded UlpiGFP or Ulp£SPN-GFP. Bar

2 um. B) Representative epifluorescence images of cells producing endogenous
Ulp1 tagged with mCherry and plasmid encoded EiE-GFP. Bas2 um. C) NE-
association of thitNO1-lacOzsslocus in strains containing the indicated plasmid as
described in Fig.-2. Graph shows data from at least 3 biological replicates where
n=50 cells per replicate. Error beB®. Asteriskssignificant change ilNO1 NE-
association of varioustrains relative to WT (pEMPTY) cells at corresponding time
points usingatwd ai | ed -gest.ugp<®.01tD) lsevels ofINO1 encoded
mRNA following induction (0, 1, 2, 3, 4h) for strains containing the indicated
plasmd as described in Fig-3 Graph shows data from 3 biological replicates.
Error bars SEM. Asterisks significant change itNO1 mRNA levels of various
strains relative to WT (pEMPTY) cells at corresponding time points using-a two
tail ed -wdtipdodn Expesments 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. Artificial ly tethering the C-terminal domain of Ulp1 to the NPC
rescuesthe INO1 NE-association and transcriptional defects oh u p 2rg

nu p 6c@lig A) Localization of the GFRaggedNUP53ulp134%621 chimera in
strains lackingNUP2 or NUP60.Bar- 2 um. B) Percentage of cells showing NE
association ofNO1-lacOzs6in theindicated strains following induction (0, 1, 3h).
Localization ofiINO1-lacOzsslocus was determined as described in FB. &raph
shows data from at least 3 biological replicates whetE@ cells per replicate.
Error barsSD. Asterisks significant change inlNO1 NE-association of various
strains relative to WT cells at corresponding time pointsusing-Atad | ed student 6
t-test. **p<0.01.C) Levels ofINO1 encoded mRNA following indumn (0, 1,2,

3, 4h) for the indicated strains as described in Fig. &raph shows data from 3
biological replicates. Error barSEM. Asterisks significant change inNO1
MRNA levels of varioustrains relative to WT cells at corresponding time points
usingatwet ai | e d -wdt. tpd0Dh, t*@<B8.01EXperiments 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 theu p Gafdae u p &wants are functionally

linked to Ulp1.

3.2.3 Repression ofNO1 is maintained by SUMOylation.

The requirement of Ulpl to activate théO1 locus led us to investigate
whether the induction ofNO1 altered the SUMOylation state of associated
proteins. Anibodies directed against SUMO were used for ChIP anafgsis
specific regions withirand neathe INO1 gene prior to and following induction.
Upon induction, the gene recruitment sequence 1 pRBowed a significant
decrease ithe 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. 36A, B). While inu | pi.dogmutant cellsproteinsassociated
with the ORF showed a significant increase in SUMOylation following induction
(Fig. 36C). These results suggest that specific SUMOylation events within the
INO1ORF may maintaitherepression ofNO1, and thaspecific deSUMOylation
and SUMOylation events may reguldte¢O1 localization and expression upon

induction.
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Figure 3-6. SUMOylation of INO1-associated proteins is altered upofNO1
induction. A) Diagram of theINO1 locus with regions investigated by ChIP
analysis relative to the transcriptional start site (arrow), GRS1 sequence, and open
reading frame indicated belo®.andC) Indicated cells were grown and analyzed
by ChIP analysis as described in Figl,3using atibodies directed against the
SUMO polypeptide. Shown is the relative fold change of SUMOylated proteins
associated with the various regiondO1 for the indicated times after induction
relative to uninduced samples. Graphs represent at least 5 badlogplicates.
Error bars SEM. Asterisks significant change in association of SUMOylated
proteins associated witNO1relative to uninduced counterpart using a paired two
tail ed -tedtépkd®.05 *Fps< 0.01, **p < 0.001.
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3.2.4 The SUMO ligase Siz2 is required fahe recruitment of INO1 to NPCs.

Siz2 has been previously shown to play a role in the nuclear envelope
association of chromatifirerreiraet al., 2011; Lapetinat al., 2017; Churikowet
al.,, 2016) Therefore, o further investigate theole of SUMOylation events in
INO1regulation, we examined the role of Siz2, and the related SUMO ligase Siz1,
in INO1localization and gene activation following inductidNO1 recruitment to
the NPCs was indistinguishable from WT cellssin zcéllgp Cells lacking Siz2
(s i 3, however, showed a significant decrease in association (FigA)3
Following induction, relative to WT cellsio differences inNO1 mRNA were
observed in cells lacking Siz1 or Siz2 (Fig7B). These results suggest that Siz2
is required foiNO1 binding to the nalear periphery but not fdNO1 expression
upon induction. Unobservable changesN®@1 mRNA ins i zcellspsupport our
observations that SUMOylation events within the ORFNED1 are required for

repression, as these are absest in zc@lsgFig. 38).

The requirement of Sizéhediated SUMOylation eventor the NPC
association ofNOL1 led us to investigate whether Siz2 physically interacted with
theINO1locus We examined the binding of SEEXA along thdNO1 locus prior
to and following induction by ChIP analysis. Uninduced cells showed significantly
higher levels of SizZPrA bound to theGRS region relative to the intergenic
control, and upon induction, significant increase in Siz2 occupancy within the

INO1 ORFoccurredFig. 39). These results are consistent with Siz2 functioning
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Figure 3-7. The SUMO E3 ligase &2 is required for NE-association ofiNO1
following induction. A) Percentage of cells showing MNiSsociation oiNO1-
lacOzs6in indicated strains following induction (0, 1, 4h). Localization®1-
lacOps6 locus was determined as described in Fig. &raph shows data from at
least 3 biological replicates where n=106lls per replicate. Error ba&D.
Asterisks significant change itNO1 NE-association of varioustrains relative to
WT cells at corresponding time pointsusingatwa i | e d -wedt. tFpk@.0ilt 6 s t
B) Levels of INO1 encoded mRNA following inductioO, 1, 2, 3, 4h) for the
indicated strains as described in Fig2.3Graph shows data from 3 biological
replicates. Error barsSSEM. Asterisks significant change ilNO1 mRNA levels

for variousstrains relative to WT cells at corresponding time pointsguai twe
tail ed -gestdpk@0odExpesiments 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 SizR)
Diagram of thdNO1 locus with regions investigated by ChIP analysis relative to
the transcriptional start site (arrow), GRS1 sequence, and open reading frame
indicated belowB andC) Indicated cells were grown as described in Fid, and
collected 0, 1, and 3h aftéNO1 induction for ChIP analysis using antibodies
directed against the SUMO polypeptide. Changes of SUMO occupancy through the
INO1locus upon induction were examined by gPCR to regiohs©fl indicated

in panel A. Shown is the relative fold enrichment of assedi®iJMOylated
proteinsat the various regions ofNO1 for the indicated times relative to an
intergenic control. Graphs represent at least 3 biological replicates. Errer bars
SEM. Agerisks significant change in association of SUMOylated proteins
associated witiNOL1 relative to uninduced (Oh) counterpart using a-taited

st ud etestt *p €0.06, **p < 0.01, **p < 0.001.
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Figure 3-9. Siz2 interacts with the inducedNO1 locus. A) Diagram of thdNO1
locus with regions investigated by ChdRalysis relative to the transcriptional start
site (arrow), GRS1 sequence, and open reading frame indicated B3|&z2

PrA producing cells were grown and analyzed by ChIP as described in-Eig. 3
Shown is the relative fold change in SRPA associion with the various regions

of INO1 for the indicated times after induction relative to uninduced samples.
Graphs represent 3 biological replicates. Error-b8EM. Asterisks significant
change in SizzPrA association withNO1 relative to uninducedazinterpart using

a paired twat ai | ed destu the<n®06,s*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 tN®©1 locus prior to (GRY)

and in response dlO1 activation (upstream and within the ORF).

3.25 Siz2 protein levels regulate the recruitment of théNO1 locus to NPCs.

When we investigated the SUMOylation profileswof prdo@nds i z 2
mutant cells, we observed a similar SUMOylation pattern between the mutants,
including the loss of at leakiur SUMOylated species within the /A5kDa range
(Fig. 310 A). Interestingly,in S. pombgthe NPC association of UlpInaintairs
SUMOylation evert by preventing the degradation of a SUMO E3 ligake and
Boddy 2015) Therefore, v investigated Siz2 protein levelsunl p-dogmutant
cells to determine whethehe NPC association of Ulpl was required for Siz2
stability. Siz2 protein levels were decreased ih p-domutant cells (Fig. 20B),
while ulpl protein levelsvere unalteredFig. 310 C). Together these results

suggesthat NPGassociation of Ulpl i%. cerevisiastabilizes Siz2.

We reasoned that the lossIbfO1 localizationto NPCsin theu | pi-skotp
mutant (Fig. 32B) might result from reduced Siz2 and Siz2ediated
SUMOylation eventsTo test this we restored Siz2 protein levels inl pi-dsoee
mutant cells and investigatelde subcellular localization of activatédO1. We
exogenously expressed Sia&ing two different promoters im | prdoa@nds i z 2
mutantcells. Exogenous expression of Siz2 from both promoters allowed Siz2 and
Siz2-dependent SUMOylation events to accumulate In pr-dso@nds i znRitent
cells (Fig. 311 C). NPC localization of inducdtNO1was comparable to Waells
when Siz2 levels were highly expressed (Nop promotet) inpi.dsosands i z 2

mutant cellsUpon induction]JNO1localizationto NPCsinu | pi-doamutant cells
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expressing Siz2 with a Cup prober was comparable to WT cells.comparison,

INOL1 localization to NPCs irs i zn2utpnt cellsexpressing Siz2isinga Cup
promoter was increased from unindug¢éty. 311 A). This discrepancy malge

due toresidual endogenous Siz@resentin theu | p.doanutant. Interestingly,
when Siz2 was highly expressed in either mutant background, increased levels of
INO1 association with NPCs were observed in uninduced cells (FidLA3.
Together these data indicate that Siz2 is a vital regulatbi@i localization to the
NPCs The loss 0iNO1 localization to theNPCs inu | pi-dsoamutant cells is due

to a decrease in Sizadnd SizZmediated SUMOylationImportantly, aspite
restoringINOL localization to the NPCs in | p.doanutant cells, exogenously
expressing Siz2 did not restdidO1 mMRNA to WT levels upon induction (Fig- 3
11B). These results further support our observations that SUMOylation mediates
repression of the INOL1 loci, and transcriptional activation requires deSUMOylation

by Ulpl at the RCs.
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Figure 3-10. Loss of Ulpl 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. Gspl is used as a loading control. Blue arrowheads point to four

SUMO conjugates absent i | p.docand s i zn2utpnt cek. B) Whole-cell

lysates of the indicated strains were examined by western blotting to detect Siz2

V53 and SUMO conjugate profiles using an aviii antibody andant-SUMO

antibody. Gspl is used as a loading control. Blue arrowheads point to four SUMO

conjugates absent in | pdogputant cellsC) Whole-cell lysates of the indicated

strains were examined by western blotting to detect ulpl derivatives using-an anti
GFP antibody. Gspl is used as a loading control. Molecular mass markers for

Western blot analysis are shown in kExperiments in paneh 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 rescuie INO1 NE-association
defects ofu | prdsczeells A) Percentage of cells showing NiSsociation of
INO1-lacOzs6in indicated strains following induction (0O and 3h). Localization of
INO1-lacOzs6 locus was determined as described in FHg. &raph shows data
from at least 3 biological replicates where n=100 cells per replicate. Errer bars
SD. Asteriskssignificant change ilNO1 NE-association of varioustrain
backgrounds relative to WT cells at the corresponding time point using a two
tailed st u destnip<H1, ¥**<0.001.B) Levels ofINO1encoded mRNA
following induction (3h) for the indicated strains as described in F&.Graph
shows data from 3 biological replicates. Error b&ESM. Asteriskssignificant
change inNO1 mRNA levels in varioustrains relative to WT cells using a two
tail ed -wedt tpd0B,t*Pp<6.01C) Whole-cell lysates of the indicated
strains 0 and 3h following induction were examined by western blotting to detect
Siz2V53 and SUMQconjugate profes using antvV5 and aniSUMO antibody.
Gspl 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 inINO1
NE-association and expression following inductionShown is the proposed
model for the role of SUMOylation in NPC targeting and transcriptional activation
of theINO1 gene. In a repressed stdi¥O1 is positioned away from the nuclear
periphery and boundy SUMOylated proteins. Following induction, Siz2 is
recruited to the ORF of tH&lO1 locus where Siz2 facilitates the SUMOylation of
INO1associated proteins. These events facilitate the targeting ibf@idocus to

the NPC where it interacts with NP&Ssociated Ulpl. Ulpl then deSUMOylates
INO1bound proteins to promotslO1 transcription.
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3.3 Discussion

Numerous observations have established the importance dfpttal
organization of thgenome in regulating chromatin transcriptidfekhail et al.,
2008; Van de Vosset al., 2011; Ptak and Wozniak 2016 yeast, inducible
genes, such dblO1, are relocalized from the nucleoplasm to the nuclear periphery
upon their inductiorfJ. H. Brickner and Walter 2004; Texatial., 2013; Donna
Garvey Brickneret al., 2019) Relocalization is associated with the loss of
transcriptional repressors from chromatin and interactionsheflocus with
transcriptional machinerfponna @Grvey Brickneret al., 2019; Randisédinchliff
et al., 2016) Here we show that specific SUMOylation and deSUMOylation events
along thelNO1 locus are associated with the activation and relocalization of the
gene to the NPCs (Fig-&. We show that SMOylation at the INO1 loci is
facilitatedby the SUMO E3 ligase Siz2 (Fig-8 3-9) and that Siz2 is essential for
the relocalization of activatelNO1 from the nucleoplasm to NPCs (Fig-73
where it interacts with NP@ssociated Ulpl (Fig.-B). Our dita suggest that this
interaction facilitates the deSUMOylation of proteins within tN®1 ORF to
facilitate INO1 expression. These results imply that a cycle of SUMOylation and

NPGC-associated deSUMOylation contributesN® 1 regulation (Fig. 3L2).

Siz2-mediated SUMOylation events facilitdtdO1 localization to the NPCs.

Several proteins which associate WO 1 to mediate the relocalization of
the locus to the NPCs are SUMOylated or predicted to be SUMOylated. For
example, Put3 and Cbfl bind to GRSI and GRSII, respectively, to facilitate
targeting to the NPC upon induati (Shetty and Lopes 2010; Donna G. Brickner
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and Brickner 2012; Randiddinchliff et al., 2016; Donna Garvey Bricknet al.,
2019) Put3 contains a consensus SUMOylation(§)tezhacet al., 2014) and the
SUMOylation of Cbfl has been report@¥fohischlegeket al., 2004; Denisoret

al., 2005) Likewise, Nup2 and Nup60 which interact with and are required for the
relocalization oINOL1 to the NPC upon inductiorfDilworth et al., 2005; Doma
Garvey Brickneret al., 2007; Ahmedet al., 2010; Lightet al., 2010; Donna
Garvey Brickneret al., 2019)have been identified as SUMOylation targ@telz

et al., 2019) Therefore, the binding of Siz2 (Fig-9 and subsequent Siz2
mediatedSUMOylation events withifNO1 (Fig. 3-8) following induction likely
representshe SUMOylation of these or other TSF and INkbteins required for
the relocalization ofNO1 to NPCs. The SUMOylation of these proteins may
enhance interactions with other proteins involvedN@1 regulation. Consistent
with this idea are our observatios that increasing Siz2 and Sizanediated
SUMOylation event§pnop-Siz2-V53) causes aberrantdalization oiNO1to NPCs

under uninduced conditions (Fig13 A).

Siz2 and Sizanediated SUMOylation ofNO1 associated proteins are
required for NPC localization but not for the transcriptiotN® 1 (Fig. 3-7). This
is consistent with observationsattshow gene positioning and transcription can be
mediated by distinct elementBPut3 and Cbflfor example are required for
recruiting INO1 to the nuclear periphery butot for transcription(Donna G.
Brickner and Brickner 2012)Our observations that Siz2 and Sim2diated
SUMOylation is required for NPC localization but hat thetranscription ofNO1

is alsoconsistent with previous olrs@tions that NPC associationIldfO1 with the
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NPC is not required for RNA polymerasentiediated transcriptiofSchmidet al.,

2006; Donna Garvey Bricknet al., 2007)

We cannot rule out the possibility that Siz2 and SmEliated
SUMOylation may be involved in facilitating transcriptional memory.
Transcriptional memory is established under specific stimuli to allow for a more
efficient response to the stimuti the futurel D6 Ur so and .Buringckner 201
transcriptional memorypoised RNA Pol Il PIds bound to promoter®tenhance
the rate of future reactivatiodNOL1 transcriptional memory requires a DNA
sequence known as a memory recruitment sequence (MRS), whidiewdlnd
by specific TSFs when going from activating to repressive conditidings
facilitates the incaporation of other factors required for future reactivatioight
etal.,2010; dd.l2r0sld6; D Buckner®201Z)We show an increase
in SUMOylation of the MRS region (region A) following induction (Fig68
SUMOy Il ation at the MRS during initial act.i
facilitate the incorporation of TSFand other factors required for transcriptional
memoryfollowing repressionWhether Siz2anediatedSUMOylation atINO1 is
required fortranscriptional memory would be of interéstfurther distinguish the

role of Siz2 inINO1 localization and transcripti@l regulation.

Ulpl-mediated deSUMOylation events facilitate transcriptional activatitd©1..

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 Ulpl can then direct deSUMOylation events necessary for transcriyfien.
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show that he loss of Ulpl isopeptidase activity at the NPp€vents the
deSUMOylaion of the INO1 locus which is necessaryor transcriptional
activation (Fig. 36). Because astoring the isopeptidase activity of Ulpil the
NPCs, restorelNO1 mRNA to WT levels (Fig. 8C), thissuggest thatthe ability

of Ulp1to bind theNO1 ORF is dependent onRC interactiondNup2 and Nup60
may function tdacilitate Ulp1 interactions with tH&lO1 ORF at NPCsConsistent
with this idea, we show that positioning the Ulpit&minal catalytic domain at
the NPC restoeINOL1 regulation inn u p 6abdm u p 2etfs (Fig.35). Our
observations that restablishingNOL1 localization to the NPCs independently of
Ulpl isopeptidase activity {l p ds@ppnopicupSiz2V53) does not restorédNO1
MRNA to WT levels upon induction (Fig-BLl) also supports the idea thhe
interaction of Ulpl with the NPCs is required for the deSUMOylation and
transcriptional activation dNO1.Overall we propose that Siz2 and Ulpl support
a cycle of SUMOQylation and deSUMOylation events required for the expression

and localization ofNO1to the NPCsupon irduction(Fig. 3-12).

INO1 induction requires the dynamic requlation of SUMOylation and

deSUMOylation events.

The requirement for SUMOylation and deSUMOylation events in
regulatingINOL1 is similar to those reported f@AL1 (Rosonina, Duncan, and
Manley 2010; 2012; Texaet al., 2013) This suggests that the dynamic regulation
of SUMOylation and deSUMOylation events may begeneral regulatory
mechanism required for the cédl respondo various stimuli. The localization of

Ulpl to the NPC situates deSUMOylation events at an essential point for receiving
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regulatory signals required for transcriptional regulatids. gobal changes to
SUMOylation under numerous stress conditions have been reg@mserink
2015) testing a broader role for SUMOylation and NP€diated deSUMOylation
on transcriptional response pathways under different stress conditions will be of

interest.

Consistent with previous reportslie and Boddy 2015)we show thathe
NPC association of Ulpl is required for E3 ligases stability (Fi0)3We have
identified INO1 regulation as a biological function maintained this stability
pathway. In the case dNO1 regulation, the degradation of Siz2 upon Ulpl
mislocalization ensures Sizflediated SUMOylation does not accumulate within
INO1land caise aberrant localization NPCs under uninduced conditions, as seen
when Siz2 levels are stabilized in thd p.-ofig. 311A). Although thismay
not necessarily affedhe transcriptional regulation ofNO1 (Fig. 311B), the
inappropriatetethering of the INO1 locus to the RC may disrupiother NPC
transcriptional regulation pathways. Furthermore, withloatsopeptidase activity
of Ulp1 at the NPCdo facilitate deSUMOylation, the increased SUMOylation of
INO1associated proteins could prevent the SUMOylation of other targets required

for otherbiological processes

Overall, the requirement of SizBediated SUMOylation and Ulpl
facilitated deSUMOylation events in regulatimgduced INO1 highlights the

dynamic egulatory mechanisms required for gene regulation.
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Chapter IV : Phosphorylatiordependent mitotic
SUMOylation drives nuclear envelog@romatin
interactions

* A version of this chapter has been published and walrstoauthored in
conjunction with C. PtakiPtak, 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 envelopematin interactions. J
Cell Biol. 2021 6;220(12):€202103036.
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4.1 Overview

SUMOylation is a postranslational modification that targets a diverse set
of proteins to regulate various biological functions. The SUMOylation of specific
targets can be facilitated by regulatitige spatial ath temporal localization of
SUMO machinery components. SUMOylatiementscanthen facilitate protein
protein interactions by generating a new contact site for an interacting partner
containing a SUM@nteracting (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 eventee INM. We
show that Siz2 utergoes phosphorylatiestependent 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 He Siz2Scs2 proteincomplex facilitates the
enrichment of SUMOylation at the INenerating SUMO:SIM protein interaction

networksrequiredfor there-associdabn of chromatin with the INMduring mitosis

124



4.2 Results
4.2.1 NE associated SUMOylation events occur during mitss

Various biological functions, including the spataientationof chromatin
relative to the nuclear periphery, are regulated by SUMOyldferreiraet al.,
2011; Lapetinaet al., 2017; Psakhye and Jentsch 2012; Mofaalidet al., 2016;
Texariet al., 2013; Saiket al., 2020) The biological functions of SUMOylaion
at the NE led us to investigate whether we could visualize an enrichment of
SUMOylated species at the INM. Thpatial localization of SUMOylation species
in asynchronously grown celigsas assessed by immunofluorescence microscopy
(IF) using a SUMGspecific antibody. Consistent with the majority of previously
identified SUMOylated proteins being nuclg&@rikumar, Lewicki, and Raught
2013; Vikram Govind Panset al., 2004; Wohlschlegett al., 2004; Y.Zhaoet
al.,, 2004; Hannichet al., 200 5 ; Wy kof f a mterph&sé 8eisea 2 005)
(unbudded and smatludded 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 2Q01gweverthey also showed an enriched SUMO

signal at the NE (Fig.-4).

4.2.2 Mitotic SUMOylation events at the NE are dependent on Siz2.

Three SUMO E3 ligases i68. cerevisiaeSiz1, Siz2/Nfil, and Mms21
facilitate the SUMOylation of specific targets in actively growing q@isitsch 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 mitosisAnti-

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 indicatday 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 sm@tled) and mitotic (large
budded) cells. Plots show average fluoreseantensity for SUMGAF and DAPI

at multiple points along a 1.75 um line for n=25 nuclei.-Batm. Error barsSD.
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 Siz2Anti-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:14 Arrowheads highlight SUMO alongdahNE,

with nuclear position determined by DAPI staining. A SUMOylated septin ring is
indicated by an arrow. Ba2 um. Error barsSD. Experiments were performed by
C. Ptak. Figures were constructed by C. Ptak and N.O. Saik.
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The loss of Siz2activity, but not Sizl or Mms21, prevented the mitotic
accumulation of SUMO conjugates at the NE (Fie2)4 These observations
indicate Siz2 is required for the mitotic accumulation of SUMO conjugates at the

NE.

Coinciding with the mitotic enrichment ofUBIO at the NE, western
blotting analysis in synchronized cells revealed an increabe mitotic levels of
various SUMOylated species, including four SUMOylated species in tb& 4Da
sizerange (Fig. 43A). Clb2 protein levels were used to determine onset of
mitosis, as degradation of Clb2 occurs upon anaphase onset (Irniger, 2002). The
four mitotic SUMOylation species in the 45 kDa range could also be visualized
by western blotting analysis of asynchronous cells (FgB} We investigated
whether thecell cycle specific changes in SUMOylation proteins detected by
western blot analysis were the Sid@pendent mitotic SUMOylated proteins
observed at the NE. ARBUMO western blotting of synchronized or asynchronous
cell cultures showed that cellacking Siz2, but not Siz1 or Mms21, failed to
accumulate the prominent SUMOylated species during mitosis (Fig:D33B
Together, these observations indicate that Siz2 is required to direct specific mitotic

SUMOylation events at the NE.

Enrichment of SMOylation events to specific regions can be achieved by
targeting SUMO regulatory components to these reg{dastsch and Psakhye
2013) Therefore, we examined GfJtz2 localization in asynchronously grow
cells. GFPSiz2 showed a primarily diffuse localization throughout the

nucleoplasmn interpghase cellswith dynamic GFPSiz2 puncta also visible along
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Figure 4-3. The enrichment of specific mitotic SUMOylation eventsis

dependent on Siz2A, C, D) Indicated strains were arrested in-@h a s e
Fagtor lremovial n agilturés were sampled every 10 min and
analyzed by western blotting using antibodies directed against the proteins

factor.

-uSsi

indicated on the right. Gspl is a loading contrdueBarrowheads highlight four
prominent SUMOylated species in the-8® kDa range that arise in mitosis and
decay as cell enter Gthase. Molecular mass markers are shown in B)&ell
lysates derived from asynchronous cultures of WT, z sl iqy, éhdonms21-184

V5 (Mms21 derivative deficient in SUMO E3 ligase activity) cells were assessed

by western blotting using an a®8UMO antibody to assess SUMO conjugate

profiles. Gspl is a loading control. Blue arrowheads highlight prominent mitotic
SUMO conjugates in the 486 kDa range. Molecular mass markers are shown in

ng

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 puothg GFPRSIiz2 at the indicated cell cycle
stage. SurdnCherry is a NE/ER marker. The cell cycle stage was determined by
bud size and nuclear morphology. Arrowheads highlight -SER at the NE.
Nuclear distribution of GHSiz2 relative to Su-nCherry wagletermined using

line scan intensities of equatorial optical sections through the nuclei (see red lines)
of interphase (unbudded or smhildded) and mitotic (large budded) cells. Plots
show average fluorescence intensity for €52 and Sur4nCherry atmultiple

points along a 2.1 pum line for n=25 nuclei. Bapum. Error barsSD. 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, GFHz2 was partially excluded from the nucleolus.
However, as the NE elongated and cells progressed into anaphase, a uniform
localization of GFFSiz2 at the NE accumulated. GISz2 enrichment at the NE
was retained until the dissolution of the NE membrane bridge that links the mother
and daughter nuclaluring cytokinesis (Fig.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.
Posttranslational modifications, such as phosphorylation, drive critical
transitions through mitos{€uijpers and Vertegaal 2018)herefore, we examined
whether the relocalation of Siz2 during mitosis was the result afpost
translational modification. Western blot analysis of synchronized cells showed
alterations in the electrophoretic mobility of Siz2, consistent with Siz2 being post
translationally modified during mites (Fig. 45A). Phosphatase treatment of
mitotic cell lysates removed the slower migrating species of Siz2, indicating that
Siz2 undergoes mitotic phosphorylation (FighB). Putative Siz2 phosphorylation
sites at serine residues 522, 527, and 674 weewiqusly identified by
phosphoproteome analys@e Albuquerqueet al., 2016; Holtet al., 2009) We
generated phosphomutants for each of these residues to deténmimdotic
phosphorylation sitef Siz2 The mtotic phosphorylation of Siz2 was unaltered in
sizZ%?"A(Fig. 46A) andsizZ%"**mutants (Fig. 4B). In addition sizZ%?"AGFP
and siz2%"*AGFP were still localized to the NE during mitosis (Fig@ D), and

Siz2dependent mitotic SUMOylation events still accumulated in these mutants
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Molecular mass markers are shown in kBaperiments 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, i®quired for
mitotic SUMOylation events at the NE A, B, E) Ufactor arrestelease assays on
the indicated strains were carried out as described in RBg.Ckll lysates were
analyzed bywestern blotting to detect SUMO conjugates, 4/&2 derivatives,
Clb2, and the Gspl load control. Bdtighlight mitotically phosphorylated siz2
V53. Blue arrowheads highlight four prominent SUMOylated species in #5540
kDa range that arise in mitosigolecular mass markers are shown in kBaD,

F) Epifluorescence images of mitotic cells producing &2 or GFPsiz2”hos sttt
mutants. SurdnCherry is a NE/ER marker. Arrowheads highlight G52 or
GFRsizZ"°s st®mytants at the NElmaging and quantification of the nuclear
distribution of GFPSiz2 or GFPsizZ"°s S muytants in mitotic cells (n = 25) was
performed as described in Fig44 Quantification of line scans were obtained at
the same time as data shown in Figt.£rror lars- SD. Bari 2 um. G) Anti-
SUMO immunofluorescence analysis afiz®°%?AV5; cells. Imaging and
guantification of the nuclear distribution of SUMO in mitotic cells (n = 25) was
performed as in Fig.-4. Error bars SD. Bari 2 um. Experiments were pesfmed

by C. Ptak. Figures were constructed by C. Ptak and N.O. Saik.
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(Fig. 46A,B). Mitotic phosphorylation of Sizzhowever,was absent irsizZ%?%4
mutants (Fig. 6E). Preventing phosphorylation at residue 522 also prevented siz2
localization to the NE during mitosis (Fig-6f) and prevented the mitotic
accumulation of SUMO at the NE (Fig:6f,G). Therefore, theghosphorylation
dependent recruitment of Siaz® the NE regulate the SUMOylation of NE

associategbroteins during mitsis.

4.2.4 Scs2 is an INMassociated receptor of Siz2 during mitosis.

We created a list greviously identifiedSUMOylated proteins that were
40-55 kDain size (Table 41) and investigated whether the loss of any of these
nonessential genes altered Sdehendent mitotic SUMOylation. We reasoned that
if any of these previously reported SUMOylated proteins were mitotic
SUMOylation targets of Siz2 westepiot analysis of the null mutants would cause
one or more of the four mitotic SUMOylated spediede absent. Western blot
analysis revealed that all four Sid2pendent mitotic SUMOylation species were
absent in cells lacking the gene encoding Scs2 @&if). Scs2 is an ER/NE
localized membrane protein of the VAR gsicleassociated membrane protein
(VAMP)-AssociatedProtein) family (Christopher J.R. Loewen and Levine 2Q05)
Scs2 has been previously identified as a ~55 kDa SUMOylation species
(Felberbaunet al., 2011) Therefore, SUMOylated Scs2 would be consistent with
the size of at least one of the Sa@pendent SUMO modifications observed during

mitosis.
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Table 4-1. Genesrepresenting SUMOylated proteins 40-55kDa in sizethat
were deleted to investigate alterations to SUMOylation profiles

Gene Gene Name Size (Da)| Reference Reporting SUMOylation

YALO27W Densionet al.2004; Wohlschlegeét
SAW1 29778 al.,2004; Makhnevyclet al.2009

YALO60W Wohlschlegel et al.2004;
BDH1 41574 Makhnevychet al.2009

YBLOO2W Wohlschlegel et al.2004;
HTB2 14251 Makhnevychet al.2009

YBL0O03C Wohlschlegel et al.2004;
HTA2 14002 Makhnevychet al.2009

YBLO06C Densionet al.2004; Wohlschlegelet
LDB7 19797 al.,2004; Makhnevyclet al.2009

YBLO27W Hannichet al.2005; Makhnevychet
RPL19B 21736 al.,2009

YBLO72C Densionet al.2004; Zhouet al.2004;
RPS8A 22517 Makhnevychet al.2009

YBRO009C Wohlschlegel et al.2004;
HHF1 11386 Makhnevychet al.2009

YBRO018C Densionet al.2004; Makhnevychet
GAL7 42385 al.,2009

YBRO31W Densionet al.2004; Makhnevychet
RPL4A 39126 al.,2009

YBR048W Hannichet al.2005; Makhnevychet
RPS11B 17775 al.,2009

YBRO72W Zhou et al.2004; Makhnevychet
HSP26 23874 al.,2009

YBR106W| SND3 21142 Makhnevychet al.2009

YBR129C | OPY1 37742 Makhnevychet al.2009

YBR149W Wohlschlegel et al.2004;
ARA1 38874 Makhnevychet al.2009

YBR189W Hannichet al.2005; Makhnevychet
RPS9B 22313 al.,2009
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YBR191W Hannichet al.2005; Makhnevychet
RPL21A 18262 al.,2009

YBR221C Wohlschlegel et al.2004;
PDB1 40044 Makhnevychet al.2009

YBR249C Panseet al.2004; Makhnevychet
ARO4 39747 al.,2009

YCLO50C Wohlischlegelet al.2004; Panseet
APA1l 36475 al.,2004; Makhnevyctlet al.2009

YCRO002C Panseet al.2004; Makhnevychet
CDC10 37016 al.,2009

YCR016W Hannichet al.2005; Makhnevychet
YCRO16W | 33594 al.,2009

YDL002C Wohlschlegel et al.2004;
NHP10 23858 Makhnevychet al.2009

YDLO22W Panseet al.2004; Makhnevychet
GPD1 42854 al.,2009

YDLO51W | LHP1 32107 Makhnevychet al.2009

YDLO75W Wohlschlegel et al.2004;
RPL31A 12962 Makhnevychet al.2009

YDLO82W Densionet al.2004; Makhnevychet
RPL13A 22580 al.,2009

YDL191W | RPL35A 13932 Makhnevychet al.2009

YDL213C Wohlschlegel et al.2004;
NOP6 25238 Makhnevychet al.2009

YDL226C Panseet al.2004; Makhnevychet
GCs1 39289 al.,2009

YDRO71C Hannichet al.2005; Makhnevychet
PAAl 21941 al.,2009

YDR130C Densionet al.,2004; Wohlschlegeét
FIN1 33202 al.,2004; Makhnevyclet al.2009

YDR155C Dension et al.2004; Hannich et
CPR1 17390 al.,2005; Makhnevyclet al.2009
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YDR158W Panseet al.2004; Makhnevychet
HOM2 39541 al.,2009

YDR171W Hannichet al.2005; Makhnevychet
HSP42 42794 al.,2009

YDR174W Densionet al.2004; Zhouet al.2004;

Hannichet al.2005; Makhnevychet

HMO1 27546 al.,2009

YDR225W Densionet al.2004; Wohlschlegeét
HTAL 14002 al.,2004; Makhnevyclet al.2009

YDR226W Wohlschlegel et al.2004;
ADK1 24252 Makhnevychet al.2009

YDR233C Hannichet al.2005; Makhnevychet
RTN1 32923 al.,2009

YDR318W Wohlschlegel et al.2004;
MCM21 42950 Makhnevychet al.2009

YDR336W Zhou et al.2004; Makhnevychet
MRX8 35635 al.,2009

YDR382W Densionet al.2004; Makhnevychet
RPP2B 11035 al.,2009

YDR447C Zhou et al.2004; Makhnevychet
RPS17B 15820 al.,2009

YDR450W Densionet al.2004; Makhnevychet
RPS18A 17049 al.,2009

YDR469W Densionet al.2004; Wohlschlegelet

al.2004; Hannich et al.2005;

SDC1 19434 Makhnevychet al.2009

YDR471W Hannichet al.2005; Makhnevychet
RPL27B 15525 al.,2009

YELOO9C Densionet al.2004; Wohlschlegeét
GCN4 31300 al.,2004; Makhnevyclet al.2009

YERO039C Panseet al.2004; Makhnevychet
HVG1 27691 al.,2009

YERO74W| RPS24A 15348 Makhnevychet al.2009
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YER120W Panseet al.2004; Zhouet al.2004;
SCS2 26915 Makhnevychet al.2009

YER177W Densionet al.2004; Makhnevychet
BMH1 30074 al.,2009

YFROO1W Wohlschlegel et al.2004;
LOC1 23622 Makhnevychet al.2009

YGLO76C Densionet al.2004; Makhnevychet
RPL7A 27662 al.,2009

YGL148W Panseet al.2004; Makhnevychet
ARO2 40839 al.,2009

YGL157W Wohlischlegelet al.2004; Panseet
ARI1 38076 al.,2004;Makhnevychet al.2009

YGR135W Panseet al.2004; Makhnevychet
PRE9 28706 al.,2009

YGR192C Panseet al.2004; Zhouet al.2004;
TDH3 35745 Makhnevychet al.2009

YGR214W Zhou et al.2004; Makhnevychet
RPSOA 28006 al.,2009

YHLO31C Wohlschlegel et al.2004;
GOS1 25401 Makhnevychet al.2009

YHLO33C Densionet al.2004; Makhnevychet
RPL8A 28150 al.,2009

YHR134W Hannichet al.2005; Makhnevychet
WSS1 30631 al.,2009

YHR193C | EGD2 18702 Makhnevychet al.2009

YHR203C Hannichet al.,2005; Makhnevychet
RPS4B 29432 al.,2009

YILO53W Densionet al.2004; Panset al.2004;

Zhou et al.2004; Makhnevychet

GPP1 27939 al.,2009

YIL110W Densionet al.2004; Makhnevychet
HPM1 42489 al.,2009
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YIL148W Zhou et al.2004; Makhnevych et
RPL40A 14568 al.,2009

YIR038C Wohlschlegel et al.2004;
GTT1 26792 Makhnevychet al.2009

YJLO52W Densionet al.2004; Makhnevychet
TDH1 35752 al.,2009

YJLO92W Hannichet al.2005; Makhnevychet
SRS2 134321 | al..2009

YJL140W Densionet al.,2004; Wohlschlegeét
RPB4 25397 al.,2004; Makhnevyclet al.2009

YJL148W Densionet al.2004; Wohlschlegeét
RPA34 26879 al.,2004; Makhnevyclet al.2009

YJR009C Densionet al.2004; Makhnevychet
TDH2 35845 al.,2009

YJR024C Panseet al.2004; Makhnevychet
MDE1 27423 al.,2009

YJR048W Densionet al.2004; Makhnevychet
CyC1 12190 al.,2009

YJRO60W Densionet al.2004; Wohlschlegeét
CBF1 39366 al.,2004; Makhnevyclet al.2009

YJRO63W Wohlschlegel et al.2004;
RPA12 13662 Makhnevychet al.2009

YJR104C Densionet al.2004; Zhouet al.2004;

Hannich et al.2005; Wykoff et

SOD1 15849 al.,2005; Makhnevyclet al.2009

YJR145C Densionet al.2004; Makhnevychet
RPS4A 29432 al.,2009

YJR153W Hannichet al.2005; Makhnevychet
PGU1 37291 al.,2009

YKL094W Wohlschlegel et al.2004;
YJU3 35566 Makhnevychet al.2009

YKLO96W Wohlschlegel et al.2004;
CWP1 24256 Makhnevychet al.2009
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YKL142W Densionet al.2004; Wohlschlegeét
al.,2004; Zhou et al.2004;

MRP8 25081 Makhnevychet al.2009

YKL216W Wohlschlegel et al.2004;
URA1 34798 Makhnevychet al.2009

YKR092C Densionet al.2004; Makhnevychet
SRP40 40971 al.,2009

YLLO39C Densionet al.2004; Makhnevychet
UBI4 42826 al.,2009

YLRO48W Panse et al.2004; Makhnevych et
RPSOB 27945 al.,2009

YLR150W Wohlischlegel et al.2004; Zhou et

al.2004; Hannich et al.2005;

STM1 30007 Makhnevychet al.2009

YLR180W Panseet al.2004; Makhnevychet
SAM1 41803 al.,2009

YLR192C Zhou et al.2004; Makhnevychet
HCR1 29554 al.,2009

YLR221C Densionet al.2004; Wohlschlegeét
RSA3 24642 al.,2004; Makhnevyclet al.2009

YLR350W Hannichet al.2005; Makhnevychet
ORM2 24855 al.,2009

YLR354C Densionet al.2004; Makhnevychet
TAL1 37034 al.,2009

YLR406C Wohlschlegel et al.2004;
RPL31B 12976 Makhnevychet al.2009

YLR420W Wohlschlegel et al.2004;
URA4 40307 Makhnevychet al.2009

YLR441C Densionet al.2004; Zhouet al.2004;
RPS1A 28763 Makhnevychet al.2009

YLR448W Wohlschlegel et al.2004;
RPL6B 20004 Makhnevychet al.2009

YLR455W Densionet al.2004; Wohlschlegeét
PDP3 35521 al.,2004; Makhnevyctlet al.2009
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YMLO28W Densionet al.2004; Zhouet al.2004;
TSAl 21583 Makhnevychet al.2009

YMLO41C Densionet al.2004; Wohlschlegelet
VPS71 32039 al.,2004; Makhnevyclet al.2009

YMLO73C Densionet al.2004; Wohlschlegeét
RPL6A 19980 al.,2004; Makhnevyclet al.2009

YMRO83W, Panseet al.2004; Makhnevychet
ADH3 40375 al..2009

YMR230W, Densionet al.2004; Wohlschlegelet
RPS10B 12741 al.,2004; Makhnevyclet al.2009

YMR233W, Hannichet al.2005; Makhnevychet
TRI1 26480 al.,2009

YMR241W, Panseet al.2004; Makhnevychet
YHM2 34203 al.,2009

YMR269W, Wohlschlegel et al.2004;
TMA23 23981 Makhnevychet al.2009

YMR303C Zhou et al.2004; Makhnevychet
ADH2 36728 al.,2009

YMR318C Densionet al.2004; Makhnevychet
ADH6 39613 al.,2009

YNLO30W Wohlschlegel et al.2004;
HHF2 11386 Makhnevychet al.2009

YNLO55C Panseet al.2004; Makhnevychet
POR1 30429 al.,2009

YNLO67W Wohlschlegel et al.2004;
RPL9B 21667 Makhnevychet al.2009

YNLO69C Densionet al.2004; Makhnevychet
RPL16B 22277 al.,2009

YNLO96C Densionet al.2004; Makhnevychet
RPS7B 21646 al..2009

YNLO97C Densionet al.2004; Wohlschlegelet
PHO23 37026 al.,2004; Makhnevyclet al.2009
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YNL134C Wohlschlegel et al.2004;
YNL134C |41158 Makhnevychet al.2009

YNL301C Hannichet al.2005; Makhnevychet
RPL18B 20593 al..2009

YNL333W Panseet al.2004; Makhnevychet
SNZ2 32025 al.,2009

YOLO086C Densionet al.2004; Panset al.2004;

Zhou et al.2004; Makhnevychet

ADH1 36845 al..2009

YOL109W Hannichet al.2005; Makhnevychet
ZEO1 12587 al.,2009

YORO028C Densionet al.2004; Wohlschlegeét
CIN5 32987 al.,2004; Makhnevyclet al.2009

YOR120W Densionet al.2004; Makhnevychet
GCY1 35080 al.,2009

YOR185C Wohlschlegel et al.2004;
GSP2 24988 Makhnevychet al.2009

YOR189W Densionet al.2004; Wohlschlegeét
IES4 13086 al.,2004; Makhnevyclet al.2009

YOR251C Hannichet al.2005; Makhnevychet
TUM1 34213 al.,2009

YOR293W Wohlschlegel et al.2004;
RPS10A 12741 Makhnevychet al.2009

YOR295W Densionet al.2004; Wohlschlegeét
UAF30 25971 al.,2004; Makhnevyclet al.2009

YOR312C Densionet al.2004; Makhnevychet
RPL20B 20457 al.,2009

YOR344C Densionet al.2004; Wohlschlegeét
TYE7 32674 al.,2004; Makhnevyclet al.2009

YPL129W Densionet al.2004; Wohlschlegeét

al.,2004; Panse et al.2004;

TAF14 27431 Makhnevychet al.2009

YPL273W Wohlschlegel et al.2004;
SAM4 36658 Makhnevychet al.2009
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Makhnevychet al.2009; Srikumaiet

YERO062C | GPP2 27809 al.,2013

YDLO59C | RAD59 26634 Srikumaret al.2013
YER142C | MAG1 34335 Srikumaret al.2013
YGL175C | SAE2 40094 Srikumaret al.2013
YJR043C | POL32 40314 Srikumaret al.2013
YKL114C | APN1 41442 Srikumaret al.2013
YMLO6OW| OGG1 42789 Srikumaret al.2013
YBRO10W| HHT1 15378 Srikumaret al.2013
YMLO95C | RAD10 24314 Srikumaret al.2013
YNLO31C | HHT2 15378 Srikumaret al.2013
YFRO31G

A RPL2A 27437 Srikumaret al.2013
YIR034C | LYS1 41473 Srikumaret al.2013
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Figure 4-7. Scs2 is required for mitotic SUMOylation events at the NEA) U-
factor arrestelease assays were carried out as described in BiggrdWT and

S Cc s @ltp. Cell lysates were analyzed by western blotting to detect SUMO
conjugate profiles, Clh2zand the Gspl load control. Molecular mass markers are
shown in kDa. Ble arrowheads highlight four prominent SUMOylated species in
the 4055 kDa range that arise in mitosB) Anti-SUMO immunofluorescence
analysis of WT and c¢ sn2itgbic cells. Imaging and quantification of the nuclear
distribution of SUMO in mitotic cellsn( = 25) was performed as in Fig:14
Arrowheads highlight SUMO along the NE. Quantification of lines scans were
obtained at the same time as data shown in Fig.with the WT data shown here
for comparison. Error barsSD. Bari 2 um. Experiments werperformed by C.
Ptak and N.O. Saik. Figures were constructed by C. Ptak and N.O. Saik.
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The loss of ScsX(c 9, hawever,prevented the accumulation of all four
Siz2-dependent mitotic SUMOylation species (Figl)} This suggested that Scs2
may function to direct Sizependent mitotic SUMOylation events. Because Scs2
functions as a receptor at the ER for multiple cytoplagmiteins(Stefanet al.,
2011; Christophed.R. Loeweret al., 2014; Manfordet al., 2012; Encinar del
Dedoet al.,2017; Ng, Ng, and Zhang 202®We postulated that Scs2 could ftion
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-8A), despite being phosphorylated (Fig8B). Removing he
transnembrane domaiof Scs2(scs22%9) results in the nuclear accumulation of
Scs2(Christopher J.R. Loewest al., 2007; J. H. Brickner and Walter 200&nd
also prevents Siz2 accumulation at the NE during mitosis (F8@.)4Furthermore,
physical interations between Scs2 and Siz2 were detected by
immunoprecipitation. These interactioneredepenénton Siz2 localization to the

NE, as siz2°??Ainteractions with Scs2 were significantly reduced (Fi§D).

VAP family proteins, such as Scs2, bind to FF@&To phenylalanines in
an acidic tract) motifs interacting partners through theirtBrminal MSP (major
sperm protein) domainChristopher J.R. Loewen, Roy, and Levine 2003;
Christopher J.R. Loewen and Levine 2005; Kaeteal., 2005) To investigate
whether Scs2 interactions with Siz2 were dependent on a MSP:FFAT interaction,
we disrupted the MSP domain of Scs2 (previously identdes#84P'-80mutant;
Kaiser et al.2005) and a predicted FFAT motif (Fig-3A) in Siz2 Eiz2\%6°P

mutant) and investigated the consequences on Siz2 mitotioddkzation ad
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SUMOylation. Both thescs¥84PL86D gnd siz2*%6°P mutations inhibited mitosis
specific localization of Siz2 to the NE (Fig:9D,E), independently othe mitotic
phosphorylationof Siz2 Consistent with the loss of SizRE-localization,
ScsH84DILBED and siz2%5°° mutations also prevented the accumulation of Siz2
directed SUMOylation events during mitosis (Fig-98,C). Furthermore,
interactions between Siz2 and St%2%0 were reducé as determined by
immunoprecipitation analysis (Fig.-9F). Collectively, these data support the
conclusion that Scs2 functions as a receptor for Siz2, through its MSP domain, to

facilitate Siz2directed mitotic SUMOylation events.

To function as aeceptor 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 chaiaetdre INM proteoméSmoyer
et al., 2016) In this assay, a target protein is fused to GERf the target and a
GFPu-reporter reside in the same subcellular compartment, the two GFP fragments
can assemble and fluoresce. GEFScs2 associated with the cytoplasmic GFP
Hxk1 reporterallowing the visualization of Scs2 at the ER/ONM (FiglLGR). At
the same time, GRRo-Scs2 also associated with the nuclear GFPus1 reporter
allowsthe visualization of Scs2 at the INM (Figl@A). Using this assay, we could
also detect sc§2*PL8¢0.GFR. 1o at the INM (Fig. 410B). Thesedata 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 NEA)
Representative epifluorescence images of mitotic WTsads c2lig producing
GFRSiz2. SurdmCherry is a NE/ER marker. Arrowhds highlight GHSiz2 at

the NE. Imaging and quantification of the nuclear distribution of -SER in
mitotic cells (n = 25) was performed as described in Fy.Quantification of lines
scans were obtained at the same time as data shown in&igith the WT data
shown here for comparison. Error ba®D. Bari 2 um. B) Ufactor arrestelease
assays were carried out as in Fig8 4n WT ands ¢ sceligoproducing Siz2/5s.

Cell lysates were analyzed by western blotting to detect\Bz2ClIb2, aml the
Gspl load control. Molecular mass markers are shown in kDa Highlight
mitotically phosphorylated Siz253. C) Epifluorescence images of a mitotic cell
producing GFPSiz2 and scsZ?>mCherry. Baii 2 um.D) Scs2TAP was affinity
purified from strains (IP) producing either Si¥8; or siz®°??AV5;. Bound
proteins were eluted using a Kigstep gradient. Equivalérportions of the
indicated fractions were analyzed by western blotting (WB) to assess levels of V5
and TARtagged fusions. Load, Elution, or Bound fractions were derived from the
same western bloExperiments in panel A and B were performed by C. Ptak.
Experiments in panel C were performed by Premashankaand C. Ptak.
Experiments in panel D were performedbyD. 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 sc¢kurphy and
Levine 2016)of putative Siz2 FFATlike motifs are shown. An optimal FFAT
sequence is shown for comparisd). C) Ufactor arrestelease assays on the
indicated strains were carried out as described in Fig. @ell lysates were
analyzed by western blotting to detect SUMO conjugates;\&z2ierivatives,
Clb2, and the Gspl load control. Bdtighlight mitotically phosphorylated siz2
V53. Blue arrowheads highlight four prominent SUMOylated species in #1540
kDa range that arise in mitosis. Molecular mass markers are shown iDkBg.
Nuclear distribution of GFRiz2 or GFPsiz2*>%P relative to the NE/ER marker
SurmCherry was perfoned on mitotic cells (n=25) of indicated strains as
described in Fig4-4. Quantification of line scans were obtained at the same time
as data shown in Figi-4. Bari 2 um. F) Scs2TAP or scs¥84PL8D.TAP were
affinity-purified from cells (IP)roducing Siz2/53. Bound proteins were eluted
using a M@* step gradient. Equivalent portions of the indicated fractions were
analyzed by western blotting (WB) to assess levels of theavi TARtagged
fusions. Load, Elution, or Bound fractions shown eveerived 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 comparis@xperiments in panel AE were
performed by C. PtakExperiments in paneF were performed byN.O. Saik.
Figures were constructed by C. Ptak and N.O. Saik.
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Figure 4-10. Scs2 is localized to the INMA) A split-superfolder GFP system was
used to assess Scs2 localization. Epifluorescence images of WT cells containing
GFPi10-Scs2 and plasmidncoded GFR-mCherryHxk1(cytoplasmic) or GFR-
mCherryPusl (nuclear) are shown. Localizatiohthe reporter (m@erry) and
assembled GRRo@FPi1 (GFP) in representative G1S-, and Mphase cells are
shown.B) The INM association of thecs2MSP domain mutant (sc&22/-86P)

was assessed using the spliperfolder GFP system in cells producing GfoP
SCSH84DILED and the plasmigncoded GFR-mCherryPusl reporteBari 2 pm.
Experiments were performed by Rremashankaand C. PtakFigures 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
(Felberbaunet al., 2011) whichis consistent with theize of themost prominent
Siz2-dependent mitotic SUMOylation species. Eliminating the previously
identified Scs2 SUMO acceptor site, Ki@@Iberbaunet al., 2011)abolishedhe
accumulation of theSiz2-dependent 55 kDa mitotic SUMconjugate (Fig. 4
11A,B). Western blot analysis in synchroniagdd1X3>?€ mutant cells which was
previously shown to increase the cellular levels of SUMOylated FetBerbaum
et al., 2011) revealed increased levaisthe mitotic 55kDa SUMOylation species
(Fig. 411C). AULP1 allele bearing an additional mutationlp{1<352&/Y5831y/55)
showed further elevated levels of the 55 kDa SUMO species4HifjC). These
results are consistent wittBUMOylated Scs2 beinghe 55kDa mitotic
SUMOylation speciedzurthermorethe 55kDA mitotic SUMO species was absent
in cells producing an endogenously tag@s2(HA3-Scs2 or Scsd/53) in the
ulp1K352E/Y583Hmtant, with a SUMOylation species of higher molecular weight,
consistent with the predicted size of tagged Scs2, appear these cells.
Eliminating the Scs2 SUMO acceptor site in these backgrounds eliminated these
SUMOylated Scs2 species. As only the ~55 [GbMOylation species was altered
by tagging Scs2, it is unlikely that the other mitotic SUMOylation species within
the 4055 kDa range were proteolytic fragments of S8&8MO (Fig. 411D), and
these mitotic SUMOylation events thus represent distinct migitiMOylation

targets.

153



A ofactor release (min) B

40 50 60 70 80

100- 1 NI

70- -"I
5 -—
= f'

40- -

SUMO Conjugates

G5 - ——— ——

DG — v ——— (350 ]

55— — -Clb2
scs2K180R(SUMO site)
C o-factor release (min)
40 50 60 70 80 90 100
100~ »w d 0
2
70~ . S
- - =S
55 - £
» (&}
40- 1 0
3
35- - ]
Oh . - -— == -Gspl
55— —— e ;-'CIbZ
ulp1K3s2E

scs2K8R(SUMO site)

SUMO DAPI Merge

— SUMO iy
= DAPI §§200
o> 150
35
i = 100
o &
g2 50
S 0 05 1 15
ZE

Distance (um)

a-factor release (min)
40 50 60 70 80 90100

w-mEEEaante
. 17 JE

55= - , = = é
-85 7 = g
e aan b | =

35- IR N ®

DL - —-——— — = (55p1
W . »
-— ~-cib2

5 o - - - —
ulp1K3S2EN583H \/5,

D 2 A
4 4
fact LSS L
a-factor &y o T T T
oloase § :g_c‘? ﬁ UlpTK352ENSE3H_\/5,
(mn): 0 60 60 60 60 60 70 70 60 60
] ' I vw e umy | B d — E
0- o -
B5- -5¢ 1A 2
z e 3
40- — ———— %
35_ — — — e — — — — — w
25= T — — — " —— — 'GSD1
Lo — — e — -Clb2
& Kok
v & o &
o >
Rl i
o-factor o-factor K352E/583H
release U'DWW\’% release UID1—V5
(min): 70 70 (min): 60 60
T0- ma HA,-Scs25UM0 70~ - -Scs25UM0-/5,
55- * HAsScs? O G -Scs2-V5,
40- 40- -
35- 35-

o5 E— -Gsp1

25- —— - G5p1

154



Figure 4-11. Scs2 is a mitotic SUMOylation target of Siz24A, C, D) Ufactor
arrestrelease assays were carried out as described in-BigCdll lysates from the
indicated strains, at the times shown after release, were analyzed by western
blotting to detect SUMO conjugates, CIb2, and the Gspl load control (A, C, D), as
well as the V3 and HAs 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 othethree prominent SUMOylated species in the580kDa range

that arise in mitosis. Molecular mass markers are shown in Bpanti-SUMO
immunofluorescence analysis of mitotic cells in the indicated strain. Imaging and
guantification of the nuclear distribah of SUMO in mitotic cells (n = 25) was
performed as described in Fig:14 Quantification of line scans were obtained at
the same time as data shown in Figl.£rror barsSD. Bar 2 um. Experiments

were performed b¢. Ptak and N.O. Saikigures were constructed by C. Ptak and
N.O. Saik.
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4.2.6 SUMO:SIM interactions enhancethe mitotic enrichment of Siz2 at the
NE.

SUMO:SIM interactions facilitate physical interactions between proteins
(Jentsch and Psakhye 201Bgcause Scs2 is SUMOylated and Siz2 contains two
SIM motifs (Psakhye and Jentsch 2012 investigated whether a SUMO:SIM
interaction may stabilize Siz2 and Scs2 interactions. In@tippthis, we observed
a reduction in Siz2 recruitment to the NE when the SUMOylation of Scs2 was
prevented gcsF18%), despite Siz2 still being mitotically phosphorylated (Fig. 4
12A, B). Consistent witloss ofSiz2 enrichmenat the NE was a decrease in Siz2
dependent mitotic SUMOylatiosventsin scs¥*°R mutant cells(Fig. 411A).
Preventinghe SUMOylationof Scs2(scs¥8R did not alter the INM localization
of Scs2 (Fig. 4.2C). Furthermore, Siz2 and st¥¥Rinteractions were reducex

determined by immunoprecipitation analysis (Figl.2D).

To investigate whether the SUMOylation of Scs2 contributed to the
localization of Siz2 to the NE through a SUMO:SIM interagtioe next examined
whethertheSIM motifsof Siz2functioned in Siz2 localization. Mutations in neither
the SIM1 (siz2*7?473A or SIM2 Giz2/7?%7?14 motifs of Siz2 altered Siz2 mitotic
phosphorylation. The SIM1 mutant, but not the SIM2 mutant, howeaesed a
visible reduction in NEassocidbn of Siz2and the SUMOylation of Scs2 and other
mitotic targets (Fig. 40.3A,-D). The mitotic SUMOylation defect of the SIM1
mutant, but not siz2 localization, was restored when ulpl was mutated to increase

Scs2 SUMOylatiorfulp1<352E/Y583y/5,: Fig. 413E,P), 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) U-factor arrestelease assays were carried out as described in
Fig. 43 on indicated strains producing Si¥83. Cell lysates were analyzed by
western blotting to detect SiAZ53, CIb2, and the Gspl load control. Molecular
mass markers are shown in kot highlights mitotically phosphorylated Siz2

V53. B) Epifluorescence images of mitotic cells producing &HE2 in the
indicated strains. SurhCherry is a NE/ER marker. For quantification of the GFP
Siz2 nuclear distribution in mitotiecs*'8Rcells (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. Ebvars- SD. Bari 2 um.C) The

INM association of thecs2SUMO site mutation (sc§%°F) was assessed using
the splitsuperfolder GFP system in cells producing GfRcs¥®R and the
plasmidencoded GFR-mCherryPusl reporter, as described in FiglG! Bar 2

um. D) Scs2TAP or scsX8RTAP were affinitypurified from cells (IP)
producing Siz2/5s. Bound proteins were eluted using a #Mgtep gradient.
Equivalent portions of the indicated fractions were analyzed by western blotting
(WB) to assess levels of the V&and TARtagged fusions. Load, Elution, or Bound
fractions shown were derived from the same western blot. Experiments were
performed in parallel with those shown in Fig84and 49. Experiments in panel

A and B were performed by C. Ptak. Experiments in panel C were performed by A.
Premashankaand C. Ptak. Experiments in panel D were performeN.Qy. Saik.
Figures were construedl by C. Ptak and N.O. Saik.
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Figure 4-13. Interactions with SUMOylated targets at the INM enhancesthe
mitotic enrichment of Siz2to the INM. A, B, E) Ufactor arrestelease assays on

the indicated strains were carried out as described in RBg.Ckll lysates were
analyzed by western blotting to detect SUMO conjugates;\&z2ierivatives,

Clb2, and the Gspl load control. Dot highlights mitoticgllyosphorylated siz2

V53. Red arrowhead highlighS6UMOylated Scs2. Blue arrowheads highlight the
other three prominent SUMOylated species in thdd8®&Da range that arise in
mitosis. Molecular mass markers are shown in kDaD, F) Epifluorescence
imagesof mitotic cells producing GFRBiz2 “7?473A or GFRsiz2/72%72A in the
indicated strains are show&ur4mCherry is a NE/ER marker. Imaging and
guantification of the nuclear distribution of GSR2 derivatives in mitotic cells (n

= 25) wasperformed as in Fig.-4. For quantification of GFRiz247%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 b&B. Bari 2 um. G) Scs2

TAP was affinitypurfied from cells (IP) producing Siz®25; or siz2472/473Av/5,,
Bound proteins were eluted using a¥gtep gradient. Equivalent portions of the
indicated fractions were analyzed by western blotting (WB) to assess levels of the
V5- and TARtagged fusionsLoad, Elution, or Bound fractions shown were
derived from the same western blot. Experiments were performed at the same time
as data shown in Fig.-®2, with the WT data shown here for comparison.
Experiments were performed in parallel with those showhign 48 and 49.
Experiments in panel AF were performed by C. PtakExperiments in paneb

were performed biN.O. Saik. Figures were constructed by C. Ptak and N.O. Saik.
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weak NEassociation 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 §iz2*7%47%A was abrogated (Fig.-#3G). These results
demonstrate that the SIM1 motif 8fz2 contributes to Siz2 NE localization and
Siz2Z2mediated SUMOylation during mitosis. Cumulativelyesle data suggest
interactions between Scs2 &id2 established by phosphorylation and FFAT:MSP

motifs are enhanced by SUMO:Sikteractions between Scs2 and Siz2.

4.2.7 Siz2dependent SUMOylation events at the NE during mitosis re

establish chromatinNE 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 chromatiNE interactions arproposed to bee-established in
these nucle{Hedigeret al., 2002; Ebrahimi and Donaldson 2008; Donna Garvey
Brickner and Brickner 2010)Therefore, we investigated whether S&22
mediated SUMOylation at the INM facilitates thre-estiblishment of NE

chromatin interactions during mitosis.

We have previously shown that Siz2 and Siz@diated SUMOylation
events are necessary for NPC localization of the indulN€il locus (Saik et
al.,202Q Chapter 3 Additionally, relocalization of the actiidlOL1 locus to the
NPCs occurs during Nphase (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. Sz2-mediated mitotic SUMOQOylation events are required for the

NPC association oiINO1 following induction. NE localization of theactivated

INOL1 locus was examined using epifluorescence imaging. The graphs show the
percentage of totabFRIacl/INO1-LacOse foci that colocalize with NE localized

Nup49mRFP. 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. Erbars- SD. Asterisks significant change
relative to WT usingatwo ai | ed -seatentds Ot 0. 05, **p O
0.001.
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events might facilitate these interactions. Examination tleé subcellular
localization ofactivatedNO1 throughout theell cycle revealedraenrichment of
the INO1 locus to NPCs during Mand Glphase (~5®65% of cells), but not-S
phase. IrsiZS%??"andscsX8%Rmutant cells, the activatédO1 locus did not show
increased localization to the NPCs duriklg and Glphase (Fig. 4.4). These
observations suggest that the S&22 complexpromotes SUMOylation events at

the NE, whichdirects the establishment iO1-NPC interactions during mitosis.

To expand our analysis, we investigated whether -S&&2 medated
SUMOylation at the INM functioned in establishing the association of other forms
of chromatin with the NE during mitosis. Because Siz2 and -®ie@iated
SUMOylation events have been shown to regulate telomere interactions with the
NE (Ferreiraet al., 2011) we examined the consequences of altering -Siz2
mediatedmitotic SUMOylation events on the nuclear position of telomeres. We
examined the association of telomeres with thigl iing a GFHabeled telomere
localization assayHedigeret al., 2002) In WT cells, telomeres were detected at
the NE in ~6575% of cells in each of the three cell cycle stages examined:
anaphase/telophase, Bhase, and-phase. A loss of Siza(i 2 & rs2¢ ¢ 9 2 @
reduced telomere tething to the NE at altell cyclestages (Fig. 45). siz2and
scs2point mutants that inhiked Siz2NE-association anthe mitoticSUMOylation
of NE targets showed decreased telomere tethering to the NE during
anaphase/telophase. Reduced telomere tethering persisted-pi@as&], except for
the siz2*%%°P (FFAT motif) mutation, which showed minor defects. By contrast, in

the ulp1K352E/Y5830y/5; mutant, where Scs8UMO levels are elevated in mitosis
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Figure 4-15. Siz2and ScsZare required for NE-association of telomeres during

M- and Gl-phase. Tethering of Tell4L to the NE was examined using
epifluorescence imaging for the indicated strains. Pphecentage of the total
number of GFHacl/Tell4l-LacOzse foci examined that overlapped with NE
associated Sec83FP signal was determined for at least three biological replicates
for the indicated cell cycle stage. Telomere localization for G1 gpltbSenuclei

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
GFPRlacl signalfully or partially overlapped with Sec83FP for mitotic nuclei. n

= 50 cells per replicate/cell cycle stage. Error ba&D. Asterisks- significant

change relative to WT usingatwwoai | ed -sestentdépe O 0.05,
***p O 0.001.
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Figure 4-16. Siz2mediated mitotic SUMOylation events are required for NE
association of telomeres during Mand G1-phase.A) Tethering of Tell4L to the

NE was examined using epifluorescence imaging for the indicated strains. The
percentage of the total number of GRERI/Tell4l-LacOyss foci examined that
overlapped with NEassociated Sec83FP signal was determined for at |ethsee
biological replicates for the indicated cell cycle stagelescribed in Fig-45. n =

50 cells per replicate/cell cycle stage. Error b&B. Asterisks significant change
relative to WT using atwb ai | ed -test.tpde mBt*ddsp tD, 0* D* p
0.001. Quantification of telomere localization was performed at the same time as
data shown in Fig.-45, with WT data shown here for comparisBhTethering of
Tell4L to the NE was examined using epifluorescence imaging for the indicated
strairs. The percentage of the total number of &k Telldl-LacOyse foci
examined that overlapped with NESsociated Sec83FP signal was determined

for at least three biological replicates for the indicated cell cycle stage. Telomere
loci were determined tbe associated with the NE when the @&€1 signal fully

or partially overlapped with Sec83FP. Cell cycle stage was assessed by bud size
and nuclear morphology. n = 50 cells per replicate/cell cycle stage. ErrerSiars

Asterisks- significant changeelative to WT usingatwb ai | ed -wstumlent 6 s

O 0.05, **p O 0.01, ***p O 0.001.

166

t



and into Giphase, telomere tethering to the NE was normal #phése and
increased in Gphase cells. By phase, the NE association of telomeres in the
siz2 scs2 andulpl point mutants were largely normal. In the casesafX!8oR
(SUMO site mutation), telomere tethering irpBase was increased compared to
tethering in the Gphase (Fig. 46A,B). These datahow that the ScsBiz2

complexre-establishesumeroushromatinNE interactions during mitosis.

4.2.8 Siz2Zmediated SUMOyhktion of Sir4 regulates mitotic tethering of

telomeres to the NE.

We have previously shown that Siz2 binds tolth@©1 locus to facilitate
relocalization to the nuclear periphdBaiket al.202Q Chapter 3 Therefore, we
investigated whether telomere tethering to the INM was facilitated by the binding
of Siz2 to these regions. S5z and siz2%2?AV5; association with subtelomeric
chromatin was investigated using ChIP analysis. We did not observe an enrichment
of Siz2V53 or sizF%??AV5; at subtelomeric chromatin (Fig-14), suggesting
Siz22mediatedSUMOylationevents verefacilitating telomere tetheringp 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 otbelt cycle stages. Sir4
and theyKu70/80 complexfor examplefunctions to tether telomeres to the NE in

G1- and SphasgTaddei and Gasser 2012; Kupiec 20131j4 andyKu80 are
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Figure 4-17. Siz2 doesnot interact with subtelomeric chromatin. Cells
producing Siz2V5; or sizF°??AV/5; were collected and subjected to ChIP analysis
using antibodies directed against V5. Occupancy of-8&pand siz2°%?AV5; at
subtelomeric chromatin relative to a rsubelomeric region was examined by
gPCR using primer pairs that amplify regions for the distances indicated from
Tel6R. Data represents 3 biological replicates. Error IS,
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Figure 4-18. Sir4 is required for telomere tetheringduring M -phase Tethering

of Tell4L to the NE was examined using epifluorescence imaging for the indicated

strains. The percentage of the total number of GEFTell4l-LacOyse foci

examined that overlapped with NESsociated Sec83FP signal was determined

for at leasthree biological replicates for the indicated cell cycle stage as described

in Fig. 415. n = 50 cells per replicate/cell cycle stage. Error b8i3. Asterisks

significant change relativeto WT usingativaa i | ed -séstdent®ps © 0. 05,
O @,0***p O 0.001.
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SUMOylated by Siz2, with previous studies suggesting that-Bediated
SUMOylation directs Sir4, but ngKu80, dependent telomere tethering during G1
(Ferreiraet al., 2011) Similarly, we find that Sir4, but notku70/80, plays a

significant role in Mphase telomere tethering (Fig18).

To investigate whether Sir4 SUMOylation was dependent on the
enrichment of Siz2 at the NE during mitgsigee examined purified HisSUMO
conjugates isolated from strains producing 8B%. We found that when Scs2
Siz2 dependent mitotic SUMOylation was inhibitesiz°??A scs¥8R or
scsX84DL8Dmytants), Sird SUMOylation was redudedcompaisonto WT cells
(Fig. 419A). By contrast, when Scs8iz2 dependent mitotic SUMOylation was
enhancedyp1¥352E/Y583ty/5,) cells showed increased Sir4 SUMOylation (Fig. 4
19B). A mutant that eliminated a SUMO acceptor site with@ePAD domainof
Sir4 (sird¥1937§ a region necessary f&ir4 G1-phasetelomere tethering activity
(Andrulis et al.2002; Taddeket al.2004 Fig. 419C), caused a decrease in Sir4
SUMOylaion. The SUMOylation of thesird<'%¥"R mutant wascomparable to
mutants that inhibit Scsiz2 dependent mitotic SUMOylatidfrig. 419). NE
tethering of telomeres igird“1%"R mutant cells also showed telomere tethering
defects specific to Mand Glphases (Fig.-20A), similar to those observed when
Siz2 mitotic enrichment at the NE was inhibited. These resuligestthat the
Scs2Siz2 complex directs the SUMOylation of Sir4 to facilitate telomere tethering
to the NEin mitosis andinto the subsequent Gihase. NPC localization of

activatedNOZ1was unaltered igird*°*"Rmutant cells (Fig. €0B), indicating that
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Figure 4-19. Mitotic enrichment of Siz2 to the NE facilitates the SUMOylation
of Sir4. Hise-SUMO-conjugates were affinitpurified from the indicated strains
containing Sirdv5s (A, B) or the sird103’Rv5; SUMO site mutant (C). Levels of
Sir4 and sir#'%"Rin the cell lysates (L), and Si¥53-SUMO and sir!03"Ry/5;-
SUMO in eluates (Ejvere examined by anrti5 western blotting.
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Figure 4-20. Siz2mediated SUMOylation of Sir4 regulates telomere tethering

to the NE. A) Tethering of Tell4L to the NE was examined using epifluorescence
imaging for the indicated strains. The percentage of the total number of GFP
lacl/Tell4l-LacOpse foci examined that overlapped with NiSsociated Sec63
GFP signal was determined for at letisee biological replicates for the indicated
cell cycle stage as described in Figl3l n = 50 cells per replicate/cell cycle stage.
Error bars- SD. Asterisks significant change relative to WT using a tieded
studeneédts. t***p @cation. dd Gelbmere Qooadization was
performed at the same time as data shown in Figh, 4vith WT data shown here

for comparisonB) Tethering of thedNO1 locus to the NE was examined using
epifluorescence imaging for the indicated strains. The pegenté the total
number oflacl/INO1-lacOpse foci that overlapped with the N&ssociated Nup49
MRFP was determined for at least three biological replicates for the indicated cell
cycle stage as described in Figl4. Quantification ofiNO1 localization was
performed at the same time as data shown in Figl, 4vith the WT data shown
here for comparisom = 50 cells per replicate/cell cycle stage. Error b&B.
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the Scs2-Siz2 complexregulatedifferent types of NEchromatin interactions in

mitosis by ilependent mechanisms

4.2.9 Siz2Zmediated SUMOylation of Sir4 stabilizes Sir4 association with

subtelomeric chromatin during mitosis.

Cells lacking Siz2 showed no defect in the INM associatichenumber
of Sir4-GFP foci. Similarly, their4“1°’"Rmutant did not show any distinguishable
differences in NEassociation (Fig. £21). These data indicate that the telomere
tethering defectassociated witlthe Siz2-directed SUMOylation of Sir4 arenot
due to a mislocalization of Sir4 to the NE. Therefore, postulatedthat 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 stufifes De Vosseet al.,
2013; MoradiFardet al., 2016) WT cells showed the highest enrichment of Sir4
V53 bound near Tel6RO(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 (F&2A). Consistent
with Siz2dependent mitotic temere tethering requiring Sirdut notyKu70/80, a
loss of Siz2 did not alter enrichment yifu70 oryKu80 at regions adjacent to
Tel6R (Fig. 422B, C). In siz2 and scs2 mutant cells defective in mitotic
SUMOylation, Sir4 enrichment was significantly vegd in all regions adjacent to
Tel6R (Fig. 423A). The sird1%3"R mutant protein also showed a significantly
reduced enrichment in all regions adjacent to Tel6R (Fi@3B). These

observationsare consistent witthe SUMOylation of Sir4acilitating its integration
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into subtelomeric chromatin. No significant difference in Sir4 enrichment at
telomeres relative to WT cells was observedilipl<352/Y583ty/5; mutant cells
(Fig. 423C); however, these cells showed increased levels of SUM&lat
proteins at subtelomeric chromatin (Fig23D). Sir3, an interacting partner of Sir4
(Moretti et al., 1994; Kupiec 2014)also showed reduced association with
subtelomeric chromatin in cells defectiveSiz2-dependent mitotic SUMOylation
(Fig. 424). These observatiormuggesthat Siz2directed SUMOylation of Sir4
facilitates Sir4 integration into subtelomeric chromatin to establish teleNtre

interactions in mitosis.

To investigatewhether Sizznediaed 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&mfTel6R was ~Zold
higher in M and GZlphase cells compared tepBase cells. In cells where Sir4
SUMOylation isreduced(sizZ>?? or sirdX1%"R mutant), Sphase levels of Sir4
bound to Tel6R subtelomeric chromatin were similar to WT. $iodind to
sulielomeric chromatin in these mutant cgllowever, showed a significant
reduction in M and Gphase relative to WT cells (Fig-2b). These observations
are consistent with the Se&2z2 complex facilitating telomere tethering by
directing theassembly of SUMOylated Sir4 into subtelomeric chromdtinng

mitosis
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Figure 4-21. NE-association of Sir4 is unaltered by Siz2Zmediated
SUMOylation. A) Epifluorescence images of cells producing Sa8P and the
NE/ER localized Sur4nCherry. Bar 2 um. B, C) Graphs showing the percentage

of total Sir4GFP or sirf!%’RGFP foci at the NE (left panel) and the average
number of SirdGFP or sirf1%’RGFP bci 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-1&Ds
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Figure 4-22. Sir4 association with subtelomerichromatin requires Siz2.Cells
producing Sir4v5s3(A) Ku70-Myci3(B) or Ku80V53(C) in the indicated strains
were collected and subjected to Chlfalysis using antibodies directed against V5
or Myc. Occupancy of Sir¥53, Ku70-Mycis, or Ku8GV53 at subtelomeric
chromatin relative to a nesubtelomeric region was examined by qPCR using
primer pairs that amplify regions for the indicated distances) fTel6R. Data
represents 3 biological replicates. Error b&EM. Asterisks significant change
relative to WT usingatwb ai | ed -sestdermbt 8p*p 0.0. 01.
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Figure 4-23. Siz2mediated mitotic SUMOylation facilitates Sir4 association

with subtelomeric chromatin. A, B) Cells producing Sird/53 or sird1937Ry/5,

were collected and subjected to ChIP analysis using antibodies directed against V5.
Occupancy of Sird/5;3 or sird1937Rv5; at subtelomeric chromatin was examined

as described in Fig-22. Data represents 3 biological replicates. Error-aEsV.

Asterisks- significant change relativeto WT usingativea i | ed -gdtdpdent 6s t
O 0.05, **p O 0. 01,isinrpanelpA and Bwer@ petfarme@h | P an a |
in parallel, with WT data shown for comparison in both pa@I€ells producing

Sir4-PrA were collected and subjected to ChIP analysis using antibodies directed

against PrA in the indicated strains as described alioy€hIP analysis using

antibodies directed against SUMO was performed on indicated strains as described

above. Error barsSEM. Asterisks significant change relative to WT using a two

tailed sesdentpsOtO0. 05.
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Figure 4-24. Siz2mediated miotic SUMOylation facilitates Sir3 association

with subtelomeric chromatin. Cells producing Sir3/53 were collected and

subjected to ChIP analysis using antibodies directed against V5 as described in Fig.

4-22. Error bars SEM. Data represents at leastiBldgical replicates. Asterisks

significant change relative to WT usingativaa i | ed -séstdent®p © 0. 05,
O 0.01, ***p O 0.001. ChIP analysis in pan
with WT data shown in both panels for comparison.
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Figure 4-25 Siz2mediated mitotic SUMOylation re-establishes Sir4
association with subtelomeric chromatin following Shase.A) ChIP analysis

using antibodies directed against V5 was performed using synchronized cultures of
the indicated strains produgj Sir4V5; or sird1%3’Rv5; Strains were collected

at various cell cycle stageiscluding Gip h a s-factol attested cells),-Bhase

( 30 mi #acter celedse),@nd h as e ( 6 O-faator releage) GhiP U
analysis was performed on a regiob Rb from Tel6R.Graphs represent at least
three biological replicates. Error batSEM. Asterisks significant change relative

to WT usingatwad ai | ed -5 € 8 ten tB)Soafirmatiordds the cell

cycle stage of cultures used in panel A. ks 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 weralsoanalyzed by western blotting using axé, SUMO,

Clb2, and Gspl (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 Scs2Siz2 complex facilitates the association of subtelomeric

chromatin to the NE independently of silencing.

Thelocalization of subtelomeric chromatio the NE is associated with the
repression of genes in these regigmaddei, Schober, and Gass#10) We
examined mutants that altered mitotic Sdgpendent 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,
repater genedJRA3and ADE2 are inserted in subtelomeric regions adjacent to
telomeres VHL (Tel7L) and R (Tel5R), respectivelySinger and Gottschling
1994) Under normal conditions, these genes are suppressed, preventing growth in
the absence of uracil and adenine. The derepressitimesé reporter genes in
subtelomericchromatinallows growth in the absence of adenine and urabik
derepression dhesegenes will also prevent growth in the presence-BO&\, as
the production of uracil renders the cells sensitive-E®2\ (Aparicio, Billington,
and Gottschling 1991 Consistent with the repression of subtelomeric genes, WT
cells grew in the presence ofFDA and showed minimal growth on medium
lacking uracil or adenine. We observed growtls i rngutgnt cells on medium
lacking uracil and adenine and observed a loss of growth in the preseRE®AL 5
consistent withthe derepression of subtelomeric genes in cells lacking Sir3.
Examination of mutants which decreasedi(z 2 @, S8 ss@s#R Size- z 2
dependent mitotic SUMOylation and-Nb1-phase telomere tethering did not show
an obvious difference in growth relative to WT cells (FiR6A). ulp1K352E/v583H

V5: cells, which have increase Sid2penden mitotic SUMOylation slight
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differences in growth relative to WT (Fig-26A). To quantify differences in
subtelomeric gene expressior @nalyzed a subset of subtelomeric genes by RT

gPCR Analysis of a subset of Btelomeric genes by RGPCR also allowed us

investigate changes in subtelomeric gene expression that the growth assay may not

have been sensitive enough to det&ifferences in gene expression could be
detected for the subset of subtelomeric genessinyated in the various mutant
backgrounds (Fig.-26B), however gene expression of subtelomeric genes assayed
were largely unchanged relative to WT cellegether these data suggest that the
Scs2Siz2 complex regulates telomere association with the idEpendery of

regulating subtelomeric gene expression.

4.2.11 Siz2dependent SUMOylation events regulate the transcription of

transposons.

To investigate whether SizBependent SUMOylation events at the INM
during mitosis functioned to regulate chromatin beyond facilitatingcNi&@matin
interactions, we performed RNA Seq&inF522AS5274/5; mutant cells. Consistent
with our previous observations, a loss of St@pendent SUMOylation events at
the INM did not derepress subtelomeric genes (Fig6)4 Instead, a significant
proportion of derepressed genes (~1/3)sirRS??A/S5274/5; mutant cells were
genes involved in Tyl*) and Ty2(**) retrotransposition (Table-2). Increased
Tyl and Ty2 transcription suggssi@ role for Siz2 and Sizéhediated
SUMOylation in regulating retrotransposition. This may reflect an additional role

for Siz2 and SizanediatedSUMOylation events inegulating chromatin structure.
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Figure 4-26. Siz2dependent SUMOylation events do not regulate
subtelomeric gene expressiorA) The indicated mutations were introduced into
the yeast strain UCC3505, which contains tliRA3and ADE2 genes integrated
into Tel7L and Tel5R regions respectively. kplgase cells were grown in non
selective liqguid medium, and an equal number of cellmmfeach culture were
serially diluted and plated onto SC medium (sefective), SC medium lacking
adenine and uracil (selective), and SC medium containing 1mghRD/S
(selective) and incubated for 3 days at 3BTFold change of mMRNA for various
subtelaneric genes for the indicated mutastisrelative to WT cells as determined
by RT-gPCR. mRNA levels were normalizedACTlandTUB2mMRNA. Graphs
show data from 3 biological replicates. Error b&B&M. Asterisks significant
change of mMRNA levels in mant cells relative to WT cells for the corresponding
genes using apairedtwoa i | ed -séstentp®OLt 0. 05
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Table 4-2. Up-regulated ORFsin asynchronously grownsiz2522/527Acells,

Gene Fold

Gene Name Change | pFDR
YLR303w | WETL7 |10.08  10.001
viLosow | TPHL 13.343 10025
YPR160GA 2.217 | 0.047
vBrRo7T2W | °P2%6 (2078 1 0.047
yorassc | 0 1.834 | 0.044
ViLlaaw | ROQL 1746 10048
YKROg3w | FTR2 1626 10.039
vGRosaw | ENOL | 1544 10.046
vOR3gow |12 1586 | 0.047
YDR261WA** 1.369 | 0.025
YNL284GB* 1.211 | 0.025
YDR261WB** 1171 | 0.004
YPR158WB* 1161 | 0.023
YNL284GA* 1.159 | 0.025
vBR157C | 'S¢ 1071 10.03

YEROz7w | FFM8 | 1.023  10.049
YFRO35C 0.964 | 0.04

YKLO30W 0.922 | 0.047
voLoeaw | COSt2 0.908  10.026
YJLO45W 0.889 | 0.032
YOR192GA** 0.844 | 0.048
YKL029C MAEL1 | 0.837 | 0.045
YOR192GCB** 0.829 0.048
YHR214GC* 0.811 | 0.038
YHR214GB* 0.786 | 0.048
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0.745 0.049
YARO028W
DPC29 | 0.738 0.047
YGR021W
SPL2 0.662 0.047
YHR136C
0.659 0.048
YNLOS4WA*
0.602 0.048
YNLO54WB*

* Indicates Tyl genes, ** indicates Ty2 genes
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Table 4-3. Down-regulated ORFsin asynchronously grownsiz®522/527Acells,

Gene Fold
Gene Name Change | pFDR

RPS22B | -0.63 0.027
YLR367W

TIR3 -0.64 0.037
YILO11W

ARG1 -0.65 0.037
YOLO58W

GPI10 -0.68 0.029
YGL142C

COX12 |-0.7 0.051
YLRO38C

ARG7 -0.7 0.037
YMRO062C

GIP1 -0.78 0.047
YBR045C

CPA2 -0.79 0.007
YJR109C

LYS9 -0.82 0.023
YNRO50C

SNR80 | -0.86 0.029
snR80

MDH2 -0.87 0.046
YOL126C

PDC5 -0.9 0.041
YLR134W

ARG4 -0.93 0.029
YHRO018C

YLR264

C-A -1.03 0.047
YLR264CA

BIO2 -1.08 0.047
YGR286C

PES4 -1.19 0.045
YFRO23W

YIL102C | -1.58 0.047
YIL102C

LYS2 -9.89 0.001
YBR115C
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Figure 4-27. A model for Scs2Siz2 dependent mitotic SUMOylation at the

INM and its role in chromatin recruitment. A) Early in mitosis, Siz2, telomeres
and activatedNO1 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 Bgs2.
Siz2 phosphorylation facibites Scs5iz2 association through the Scs2 MSP
domain and an FFATke motif in Siz2. These interactions lead to Scs2
SUMOylation which further stabilizes the SeSE2 complex through the
association of Scs8UMO and SizZSIM interactions. The Scs3iz2 SUMO
ligase complex then directs the SUMOylation of INdgsociated proteins,
including Sir4 and proteins associated with the activaid@1 locus. These
SUMOylation events facilitate Sir4 association with subtelomeric chromatin and
activatedNO1 with NPCs re-establishing NEchromatin interactionat the end of
mitosis C) As cells exit mitosis and undergo cytokinesis, dephosphorylation of
Siz2 and Ulpidependent deSUMOylation of Scs2 and other proteins along the
INM occurs. These events lead to the digBoh of the Scs5iz2 complex, while
telomeres and activatéNO1 remain associated with the nuclear periphery.
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4.3 Discussion

Posttranslation modificationgprovide rapid and reversible changes to
proteinsallowing 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 théNM that re-establishedNE chromatin interactions in newly
formed nuclei following mitosis (Fig.-44, 416, 4-20). We show that these
SUMOylation events are dependent on the relocalization of the SUMO E3 ligase
Siz2 to the INM (Fig. 46), where ibinds to ScsXtinitiate a mitotic SUMOylation

wave along the INM (Fig.-27).

Siz2-Scs?2 interactions at the INM are mediated through EMSP domain and

SIM:SUMO motif interactions.

We have identified a unique regulatory mechanism that facilitates the
enrichment of Si2 at the INM during mitosis. This mechanism involves Scs2
functioning as a receptor for Siz2 at the INM during mitosis (Fieg8)4 Scs2
facilitates various cytoplasmfunctionsby binding to FFATFcontaining proteins
through its MSP domai@J. H. Brickner and Walter 2004; Manfoed al., 2012,
Freyreet al., 2019) We haveidentified a previously unreported INM localization
of Scs2 (Fig. 410), wherehe MSP domairof Scs2can interact with nuclear FFAT
motif-containing proteins. We have identified Siz2 as a protein containing an
FFAT-like motif that interacts withthe MSP domain of Scs2 at the INBuring
mitosis(Fig. 49). Consistent witlprevious findings, we show that phosphorylation
nearthe FFAT-like motif in Siz2enhances its binding to the MSP domain of Scs2
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(Gotoet al., 2012; Kumagai, Kawan&awada, and Hanada 2014; WelBzmyvat
et al., 2015; Kirmizet al., 2018; Di Matia et al., 2020) As a result, the mitotic
phosphorylation of Siz2 regulates a aglktle specific interaction witthe MSP
domainof Scs2 These observations suggest that Susad interact with other
nuclearFFAT-containingproteins tofacilitate additionalnucleoplasmic functions
during interphase. For examplé&cs2 interactions with other FFAWotif

containing proteins may facilitatease telomere tetherirfgig. 4-16).

We also show thacs2Siz2 interactions are enhanced $YMO:SM
interactions. To our knowledge, this is the first instance where a SUMO:SIM
interaction has been shown to reinforce interactions between an-keATotif
and an MSRcontaining binding partnemterestingly phosphorylation events near
a SIM motif gerrates a PhosphoSIM module which enhances binding to a
SUMOylated target(Stehmeier and Muller 2009)Therefore, the mitotic
phosphorylation of Siz2 may enharthe FFAT and SIM maotifof Siz2to facilitate
the rapid and robust accumulation of Siz2 at the INM during mit¥grsether
SUMOylation contributes to the interactions of other VAP family membéis w

other FFATFcontaining proteins will be of future interest.

Ulpl facilitates deSUMOylation of Siz8cs2 SUMOylation events following

mitotic exit.

Coinciding with a loss of Siz2 at the NE following mitotic exit is the loss of
SUMOylation conjugates (& 4-3). We show that Ulpl is responsible for the

deSUMOylation of the SizthediatedSUMOylation events that accumulate at the
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INM during mitosig(Fig. 411). The NPC associatioonf Ulpl (V. G. Panset al.,
2003; Y. Zhaoet al., 2004; Makhnevychet al., 2007) would position the
isopeptidase near the§tJMOylation targets to facilitate their deSUMOylation
following mitotic exit. We predict thathe enrichment of Sizat the NEduring
mitosis allowsSUMOylation events to outcompetetotic deSUMOylatiorevents
Following mitotic exit, when Siz2 accumulation at the INM is lost, Ulpl can
deSUMOylate the SUMOylatioconjugateghat accumulated during mitosiBhe
Siz2-dependent SUMOylation wave at theMNJuring mitosis maylsopromote
the assembly of mulprotein complexes (including the SeS&2 receptor
complex) that make these targets inaccessible to Bipthermore,he ability of
SUMOylation eventso accumulate at theE during mitosisnay al® be facilitated

by the relocalization of Ulpl tthe septinring during mitosi§Makhnevychet al.,
2007; ElImoreet al., 2011) The localization of Ulf to septins and Siz2 to the INM
during mitosissuggests a potentially connected regulatory system that coosldinate

Siz22SUMOylation events to othenitotic regulatory systems.

We have shown thatwdp1<352E point mutation dramatically increases Scs?2
SUMOylation during mitosis and sustains the SUMOylation of Scs2 into
subsequent Gphases (Fig.-41). This phenotype is not due to alterations in the
steadystate or the localization of UlgEelberbaunet al., 2011) Furthermore,le
352 residue is withithe coil:coil domainof Ulpl, a regiomot associated with the
isopeptidase activity or SUMO binding capabiliteddJIpl (Mossessova and Lima
2000; S. J. Li and Hochstrasser 2003; Elnadral., 2011) Therefore, we envisage

that the K352E mutation may altére ahlity for Ulpl to recognze SUMOylated
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Scs2. This suggests a potentially novel function for the coil:coil doaidipl in

targetrecognition andpecificity.

The compartmentaligtion of mitotic SUMOylation events at the INM +e

establiskesNE-chromatin interactions during mitosis.

SUMO can function as a scaffold for the binding of proteins containing SIM
motifs. The high concentration of SUMModified proteins at the INM during
mitosis o©uld establish a twdimensional binding surface for SIM matif
containing proteinsto promote the formation of various macromolecular
complexes. The potential for SUMOylation to compartmentalize-&htaining
proteins near the INM parallels properties atgmed in mammals for phase
separated PML bodies and DNA damage in yéaah Dammeet al., 2010;

Psakhye and JentscBI2; Bananet al., 2016; Min, Wright, and Shay 2019)

We have shown that Sizfirected SUMOylation at the INM during mitosis
including the SUMOylation of Sir4 (Fig-29, 4-23, 4-25) functions to reestablish
NE-chromatin interactions through what we predict is the formation of SUMO:SIM
protein networks(Fig. 414, 416). Factors required for Sir4 interactions with
subtelomeric chromatin such as Nupl®an De Vosseet al., 2013) and
RapXMoretti et al., 1994; Cockellet al., 1995; Luo, Veg&Palas, and Grunstein
2002)have predicted SIM motif€. Zhaoet al., 2014) Rapl and Nupl78re also
part of other macromolecule compleX@outet al., 2000; Azad and Tomar 2016;
Lapetinaet al., 2017) which may mask or prevent their ability to facilitate Sir4

binding to subtelomeric DNA. SUMO:SIM interactioastablishedluring mitosis

194



may ensure that interactions required for-establishing NEchromatin
interactions,can outcompete other interactiorsg the NE For example, during
mitosis SUMOylation may ensuidup170 and Sirdnteractions are favored over
the incorporation ofNupl70 into NPCs. Once integrated into subtelomeric
chromatin, SUMOylated Sir4 matpen facilitate other SUMO:SIM interactions
required for telomere tetheringdNumerous proteins involved in chromatit
interactions are SUMOylated or contain SIM mofifgohlschlegelet al., 2004;
Natharet al., 2006; Hanget al., 2011; Ferreirat al., 2011; Pasupalet al., 2012;

Q. Zhaoet al., 2014; Chymkowitchet al., 2017; Texariet al., 2013) Sir3 for
example, isan interacting partner of Sir4 at subtelomeric chromatid,contains
multiple SIM motifs (Zhacet al.2014) Furthermorethe association of Sir3 with
subtelomeric chromatin esoregulated by SizMnediated SUMOylation at the NE
(Fig. 424). The generation of a SUMO:SIM protein interaction network to re
establish chromatin interactions during mitosigy represent a conserved
regulatory system, asigsimilarto SUMO:SIM interactionsn mammalians which
arerequired for the recruitment tdmin A to telophase chromoson{&oriuchi et

al., 2016; Moriuchi and Hirose 2021A similar enrichment of telomeres to the
nuclear periphery in human ceftdlowing mitosis has also been obserg€dabbe

et al., 2012) suggesting @otherpotentially conserved regulatory system.

The NE recruitment of Siz2 and Sir2ediatedSUMOylation events are
reversed by Gphase. However, mutants that disrupt Siz2-Ibifalization and
Siz2mediated SUMOylation NE during mitosis show defects in-ddEomatin

interactions in both mitosis and ¢hasgFig. 414, 416, 4-20). We interpret ts
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to suggest that SUMO:SIM interactions formed in mitosis enhance protaiein
interactions that are maintained into interphadeere these complexes continue to
support chromatiiNE associationThe removal of SUMO modifications may also
play an impotant role in regulating NEhromatin interactions in Gghase
Conditions that delay deSUMOylation of Scs2 (Figll) and other chromatin
associated proteins (Fig-28D) led to increased INM retention of telomeres in G1
phase (Fig. 46). These resultsuggest that poshitotic deSUMOylation may
relax interactions and promote the periodic switching of telomeres between NE
bound and unbound states observed in interphasdldetigyeret al., 2002) There
are also multiple telomere tethering pathwatiszed in Gl-phaseincluding the
SIR-dependent telomere tethering pathway and the-gé&pendent telomere
tethering pathwayTaddeiet al., 2004; Taddei and Gasser 2012; Kupiec 2014)
During mitosis, SUMOylatiormay establish Sidnediated telomere tethering,
while deSUMOylation oSiz2mitotic specific targets in Gfphasemay relax these
interactions taallow alternative telomere tethering pathways to be utilized in G1

phase

The Siz2Scs2complex is a requlator of chromatin.

We have shown that SUMOylation events facilitated by the -St=2
complex at the NE during mitosis are essential feest@ablishingdifferent NE-
chromatin interactions (Figl-14, 4-15, 4-16). Although Siz2 has been shown to
bind to chromatin and chroniatassociated protein®sakhye and Jentsch 2012;
Saiketal., 2 02 0 ; Cappadoci a, K o,ovB eodELnptydétect and Li m

an enrichment of Sizaat subtelomeric chromatin (Fig.-%7). Instead,our data
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suggests thaspecific SUMOylationconjugatesregulate the rassociation of
chromatin with the NE during mitosis. For telomeres, we have identifiecaSa4
target of Siz2mediated SUMOylatiorwhich supports theNE association of
telomeres Fig. 419, 4-20). Importantly, we show thahe SUMOylatio of Sir4
does not facilitate the +association of the inducedNO1 locus to the nuclear
periphery during mitosis (Fig.-20). As such, we envisage that S€Si22 directs
the SUMOylation of multiple chromatiassociated proteins to support the binding
of chromatin to the NEHuringmitosis This raises the possibility th&tz2-medeted
SUMOylation may alter the association of other-blitomatin interaction$eyond

those investigated herdyring mitosis.

Despite the loss of telomere tetheriagsociation with the NE, mutants
which alter Siz2nediated SUMOylation events at the INMring mitosisdid not
showmany significanthanges to subtelomeric gene expression (F&p)4These
results are consistent with previous observatiamgch show ¢lomere anchoring
can occur independently of transcriptional repres€i@acldeiet al., 2004; Ferreira
et al.,, 2011) Our results are also consistent with observations which iaiwv
despite the strong enrichment of Sir proteins at telomeric regiomg a small
subset of subtelomie genes are repressed the SIR complexEllahi, Thurtle,
and Rine 20153nd that under normal growth conditipngny subtelomeric genes
are transcriptinally silenced independently of Sir bindifigabreet al., 2005)
Beause pecific stress conditions mediate the transcriptional regulation of various
subtelomeric gend#i et al., 2002; Mak, Pillus, and Ideker 2009)iz2 enrichment

at the INM during mitosis may regulate gene expression in response to specific
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stress conditionsThe roleof Siz2mediated SUMOylation events in regulating
subtelomeric chromatin independent of transcriptional regulation is @hsistent
with our prevous observationswhich showSiz2 regulatedNO1 localization
independeny of expression(Saik et al.202Q Chapter 3 Consistently, he
SUMOylation of Scs2 islsonot required fotNO1 expressior{Felberbaunet al.,
2011) Cumulatively, these datsuggesta role for Siz2 in regulating thepatial

organization of chromatin, independent of gene expression at the NE.

A potentialadditioral role for Siz2 inregulatingchromatin structure comes
from the observations that the transcemif Tyl and Ty2 retrotransposorse
elevated incells lacking Sizanediated SUMOylation events at the NE (Table 4
2). These observations suggest that Sietliated SUMOylation may funoti in
the regulation of retrotransposition. This éensistent with previous reports
implicating Siz2 in regulating retrotranspositidanhas, Ma, and Measday 2018;
Bonnetet al., 2021) The loss of Siz2 in conjunction with a loss of Siz1 causes a
increase in Tyl RNA levelBonnetet al., 2021) The loss of Siz2 has also been
shown to impair Tyl targetg to regions upstream of tRNA gen@danhas, Ma,
and Measday 2018&nd insteadetarget Tylretrotransposonso subtelomeric
regions(Manhas, Ma, and Measday 2018)z2-mediated mitotic SUMOylation
events at th&lE may regulate interactions with retrotransposition host factors
regulate the organization of subtelomeric chromiatiprevent aberramtansposon

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-establising NE-chromatin interactions during
mitosis. We have identified Sir4 and Scs2 as SUMOylation targets of Siz2 at the
INM andhave showithatthe SUMOylation of these targesmecessary to regulate
NE-chromatin interactions (Fig. -2&7). Identifying other mitosis specific
SUMOylation targets at the INMs predicted toprovide insights into other

biological functiongegulated bysiz2 at thdNM during mitosis.
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Chapter V: Nuclear envelope associated
SUMOylation events regulateiclearmembrane
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 chantmheatds the synthesis of
membranghospholipid (PLs)which isrequired for cell proliferation or channeled
towardslipid storage.The enzymatic activity of Pahl antagonizes the channeling
of PA towards PL synthesig.he activity of Pahl is regulated by the integral
Neml/Spo7 complexwhich regulatesthe interaction ofPall with membranes
During mitosis PL synthesis increases atlow the formation oimembranes that
will become part of the mother and daughtersceicluding the nuclear membrane
In yeastthe expansion of the nuclear membrane occuiegadns that are adjacent
to the nucleolus. The expansion of the nuclear mersbaarthese regionss
proposed tdbe facilitated throughhe mitotic inhibition of Pahl. RecentlpA
metabolism at théNM has been establishedowever,it is still unclear whether
the INM contributes to specific regulatory systems involvedaitilitating the
mitotic expansion of the NEere we have identified a spatiotemporal regulatory
system at the INM thaupportghe mitotic expansion of the NE. We show ttiegt
enrichment of Siz2 and SizBediated SUMOylation events at the INM, as
identfied and characterized in Chaptesdpports thenrichment ofPA at the INM
and the exparsion of the NE during mitosis. During mitosis Siz2mediated
SUMOylationeventsreduceprotein interactions between Pahl, Spapd Nem1
Based on this we propose that Sm2diated SUMOylation is a unique
spatiotemporal regulatory mechanism that inhibits Pahl activity to facilitate the

mitotic expansion of the NE.
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5.2 Results
5.2.1 NE association of Siz2 during mitossupports NE expansion.

As cells progress through mitose novolipid biogenesis contributes to
producingthe nuclear envelope (NE) membrd@ampbellet al., 2006; Witkinet
al., 2012) Coincident with NE expansion, the SUME3 ligase Siz2 binds the
inner nuclear membrane (INM) and mediates SUMOylation of various membrane
associated target@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 obiiimy Siz2mediated NE
SUMOylation on the surface area of the NE membrane. We examined the nuclear
surface area at different cell cycle stages in asynchronously grown W3izénd
mutant cells£izZ>?%). This point mutant fails to bind the INM during mitosis and
SUMOylate NEassociated proteir{Ptaketal., 2021, Chapter 3. Cell morphology
was used to determine the cell cycle stage of individual cells. The contours of
nuclear surfaces were determined byi®ensional reconstruction of nuclei
containing a diffuse nucleoplasmic protein R@&HAP. These&lata 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 assqaibgressed from G1o M-phase(Webster,
McCaffery, and Cohefix 2010; R. Wangpt al., 2016) A comparison of WT and
sizZ%??Amutant cellsrevealed similar nuclear surface areas for &id Sphase
cells. However, theiZS%?**mutant cells had significantly reduced nuclear surface

area values in Mphase (Fig5-1A).
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We also examinethenuclear surface area of WT asid®>??cells as they
progressed through the cell cycle following release faorb-factor induced G1
phase arrest. E v-faatoy rel@agethemiclear sudase asedf t e r
sampledcellswas determined using the Imaris surface analysis. Similar to cells in
the asynchronous culture (Figl®\), the synchronized population of WT and
sizZ%??Acells exhibited similar nuclear surface araad rates of increase as they
progressed througe1l- and Sphase (660 mins; Fig 5-1B). However, as cells
progressedhrough mitosis (60 to 80 minthe surface area of WT cells continued
to increase (coincident with Skfependent SUMOylation conjugates at the INM
Fig. 5-2A,B; Ptak et al.2021) while in siZS%??A cells, it remained largely
unchanged. Following mitotic exit and formation of-@iase progeny nuclei, the
nuclear surface areas of WT asid®>??Acells were again similar (Fig-1B) and
decreased, consistent with previous observafifebster, McCaffery, and Cohen

Fix 2010; R. Waneet al., 2016)

To further investigate NE expansion during mitosis we investigated the
changes in nuclear surface area during mitotic d€lalfs arrested in mitosibave
continuel phospholipid biogenesis resulting in an increase in NE membrane and
distorted nuclear shapgCampbellet al., 2006; Witkin et al., 2012) These
phenotypes are prevented by inhimgt phospholipid biogenesi@Valterset al.,
2014) Thus, we tested the effect of thig®>?2mutant on membrane production
during mitosis using Mphase arrested cells. Cells were arrested in metaphase by
the depletion of the anaphageomoting protein Cdc20. As shown in FiglE,

depletion ofCdc20 (sed-ig. 52D) for 2 h in an otherwise WT
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Figure 5-1. NE association of Siz2 during mitosisupports NE expansionA)
Epifluorescence images of asynchronously grown WT aiaf5??A cells
expressing the nucleoplasm marker RGP were used to reconstruct nuclei from

a series of stacks. The nuclear surface area from reconstructed nuclei was then
calculated using Imaris surface analysis for the indice#diccyclestage. The cell
cycle stage was determined by bud size and nuclear morphddgyT and
sizZ%??Acells expressing the nucleoplasm marker PGEP were arrested in G1
phase (0 4factor.)Followéng mrelgaselrom arrest, cells were collected
and imaged at the inditead times. Epifluorescence images were analyzed by Imaris
surface analysis to calculate nuclear surface area’)(u@) Representative
epifluorescence images of metaphase arrédteti3prHAs-CDC20andMET3pr
HAs-CDC20 siz®°%?A cells producing the NE/ER mi@r Sur4mCherry.
Arrowheads highlight the NE. Cells were arrested in metaphase 2h post methionine
addition. Baii 2 um.D) Nuclear surface area of metaphase arrég¢ted3prHAs-
CDC20 and MET3prHAs-CDC20 sizZ°%?A cells producing the nucleoplasm
marker Pgl-GFP. Epifluorescence images were analyzed by Imaris surface
analysis to calculate nuclear surface area?usll graphs (A, B, D) show data
from 3 biological replicates where n=50 cells per replicaletyclestage. Error

bars SD. Asterisks significant change in theizZ>??Acontainingcells relative to

the WT counterpart using atwoai | ed -sestdentp®0t 05 **pOO.
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Figure 5-2. Siz2 localization and Siz2Znediated SUMOQylation events at the NE
during mitosis. A) Epifluorescence images of cells expressing the nucleoplasm
marker PusiGFP, following arrestinGpb hase (0 min) wusing U facHt
from arrest at indicated time poinB) WT andsizZ>??Acells were arrested in G1
phase ( 0 mifactor. Falawingrgleade, cultures were sampled every 20
min and analyzed by western blotting to detect SUMO conjugates, Clb2, and the
Gspl load control, as specified on the right of the blot. Arrowheaddigtigh
prominent SUMOylated species in the 38kDa that arise in mitosis and decay as
cells enter GIphase. Molecular mass markers are shown in KD&epresentative
epifluorescence images of metaphase arrédted3prHA3-CDC20cells
producing either GFSiz2 or GFPsiz2°??A Sur4mCherry is a NE/ER marker.
Cells were arrested in metaphase 2h post methionine addition. Arrowheads
highlight GFRSiz2 at the NE. The nuclear distribution of GER2 or GFP
siz2%2?A relative to SurdnCherry was determined ugiine scan intensities of
equatorial optical sections through the nuclei. Plots show average fluorescence
intensity (FI) for GFRsiz2 and Sur4nCherry at multiple points along a 1.85 pm

line for n=25 nuclei. Bar2 pum. Error bars SD.D) Cell lysates devied from
asynchronous (0) or metaphase arrested (2h) cultures of indicated strains were
assessed by western blotting using an-8aiMO antibody to assess SUMO
conjugate profiles. Gspl is a loading control. Molecular mass markers are shown
in kDa.
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cell background resulten largebudded Mphase arrested cells withuclear
extensions. Té accumulation of nuclear extensig accompanied by the NE
accumulation of Siz2 (Figp-2C) and an increase in Sid2pendent SUMOylation
targets (Fig5-2D). Strikingly, thesizZ>??mutant, which fails to interact with the
NE during mitosis prevents the formation of nuclear extensions irpidse
arrested cellsnsteadthese nuclei ggear largely spherical (Fi§-1C). Consistent
with these observations, tisizF°??Amutation significantly reduced the surface
area of the mitotic nuclei relative to their WT counterparts. (BigD). Together
these data suggest that the associatiomz@f\&@ith 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 directshinding to the INM until

it is dephosphorylated and released from the membrane at cytoKipidist 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 NEwassufficient to induce an increase in nuclear surface area throughout

the cel cycle. To position Siz2 at the INM, we utilized the two fragments of the

superfoldetGFP, GFP..10 and GFPL1, which bind in vivo when the two fragments

are in the same subcellular compartmditte binding of these fragments can be

detected by the formation fiorescencéSmoyeret al., 2016) Siz2GFP.10 and

an ER/INM anchore@&FPi 1 fusion protein GFPi1- mCherrytransmembrane (TM)

domain of Scsp with the GFPRa1 fragment extending into the

nucleoplasm/cytoplasm were expressed in cells.GFa.10 moiety on
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