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Abstract

Cohesin is a conserved protein complex required for chromosome segregation,
genome organization, DNA repair, and gene regulation. The complex consists of
Smc1, Smc3, an a-kleisin and a HEAT repeat subunit. Most eukaryotes have different
variants of cohesin subunits that form specific complexes to perform distinct functions.
However, only a single cohesin complex is used in the protist Tefrahymena
thermophila. Tetrahymena has two genomes: a transcriptionally silent germline
nucleus and a transcriptionally active somatic nucleus. Cohesin has been detected
only in the germline nucleus, which undergoes mitosis and meiosis. To understand
how a single cohesin complex is able to function in different cellular processes, we
investigated the interaction partners and post-translational modifications that regulate
cohesin function.

We showed that a putative homolog of the HEAT repeat protein Scc3 is able to interact
with all known cohesin subunits. Depletion of Scc3 by RNA interference showed that
Scc3 is required for meiotic DNA double-strand break repair (DSB), phosphorylation
of the kleisin (Rec8), and chromatin association of both Smc1 and Rec8. Next, we
studied a homolog of Scc2 which, in other organisms, is part of the Scc2/Scc4 cohesin
loader complex. Scc2 depletion revealed that it is essential for faithful chromosome
segregation in mitosis as well as meiotic progression and DSB repair. Although
Tetrahymena Scc2 interacts with both Scc3 and Rec8, it is not required for their
localization on chromatin, suggesting that Scc2 might have a different role in cohesin
function in Tetrahymena. Finally, we found multiple post-translationally modified
residues on different cohesin subunits. To study the effect of reduced cohesin
SUMQOylation, we fused the catalytic domain of Ulp1 (SUMO isopeptidase) to Rec8.
Cells expressing the fused protein showed meiotic defects and decreased chromatin
association of Rec8 (or cohesin).

In summary, this study demonstrates numerous peculiarities of the minimal cohesin

apparatus in the evolutionarily distant model Tefrahymena thermophila.



Zusammenfassung

Cohesin ist ein konservierter Proteinkomplex mit Funktionen bei der
Chromosomensegregation, Genomorganisation, DNA Reparatur und Genregulation.
Dieser Komplex besteht aus Smc1, Smc3, einem a-Kleisin und einer HEAT-Repeat
Untereinheit. Bei den meisten Eukaryoten bilden unterschiedliche Untereinheiten
unterschiedliche Varianten des Komplexes mit spezifischen Funktionen, jedoch nur
eine Variante findet sich beim Protisten Tetrahymena thermophila. Tetrahymena hat
zwei Genome: einen transkriptorisch inaktiven Keimbahn-Kern, welcher Mitosen und
Meiose durchfuhrt, und einen aktiven Soma-Kern; Cohesin wurde nur im Keimbahn-
Kern gefunden. Um zu verstehen, wie ein Organismus mit einem einzigen Cohesin-
Komplex auskommt, untersuchten wir die Interaktionspartner und post-
transkriptionelle Modifikationen, die die Funktionen von Cohesin regulieren.

Wir zeigen, dass ein vermutliches Homologes des HEAT-Repeat Proteins Scc3 mit
allen bisher bekannten Cohesin-Untereinheiten interagieren kann. Der Entzug von
Scc3 durch RNA-Interferenz zeigte, dass Scc3 fur die Reparatur von meiotischen DNA
Doppelstrangbrichen (DSBs), die Phosphorylierung des Kleisins Rec8, und die
Chromatin-Assoziation von Smc1 und Rec8 ndtig ist.

Weiters untersuchten wir ein Homologes von Scc2, welches bei anderen Organismen
Teil des Scc2/Scc4 Cohesin Lade-Komplexes ist. Der Entzug von Scc2 enthillte seine
essentielle Rolle bei der mitotischen Chromosomensegregation, der meiotischen
Teilung und der DSB Reparatur. Obwohl Tetrahymena Scc2 mit Scc3 und Rec8
interagiert, ist es nicht flr ihre Assoziation mit Chromatin nétig, daher mag es eine
andere Bedeutung fur die Funktion des Cohesins haben.

SchlieRlich haben wir zahlreiche post-transkriptionell modifizierte Reste an
verschiedenen Cohesin-Untereinheiten gefunden. Um die Effekte reduzierter Cohesin
SUMOylierung zu untersuchen, fusionierten wir die katalytische Domane der SUMO
Isopeptidase Ulp1 mit Rec8. Zellen mit dem Fusionsprotein zeigten meiotische
Defekte und verminderte Chromatin-Assoziation von Rec8 bzw. Cohesin.
Zusammenfassend zeigt dieser Beitrag die zahlreichen Unterschiede zwischen dem
minimalistischen Cohesin Apparat des evolutionar weit entfernten Modellorganismus

Tetrahymena und dem der traditionell studierten Organismen auf.



Introduction

Overview of Mitosis and Meiosis

The accurate transmission of the genetic information is vital for the survival of every
species. This process is driven by two types of cell divisions: mitosis, which is used
for somatic or non-sexual cell division, and meiosis, which produces sexual gametes.
In mitosis, the parental genomic content is duplicated and segregated into the
daughter cells. In meiosis, however, DNA replication is followed by two consecutive
rounds of segregation which reduce the genomic content by half. Moreover,
recombination between homologs and the random segregation of the chromosomes
during meiosis provides genomic diversity during the generation of haploid gametes.
Errors in meiosis result in aneuploidy and birth defects, whereas the deregulation of

mitosis can result in cancer.

After completion of DNA replication, a cell contains two copies of each chromosome,
called sister chromatids. An evolutionarily conserved protein complex known as
cohesin provides a physical connection between the sister chromatids. This physical
linkage is known as cohesion, and it is important for subsequent stages of mitosis and
meiosis (Brooker and Berkowitz, 2014; Peters and Nishiyama, 2012)

Mitosis can be divided into the stages of prophase, metaphase, anaphase and
telophase (Figure 1). During prophase, chromosomes condense and the nuclear
envelope breaks down. The microtubules emerging from opposite ends of the cell
attach to the centromere-associated kinetochores of sister chromatids. Cohesion at
the centromere resists the pulling forces of the microtubules until all kinetochores are
correctly attached (biorientation) at metaphase. Completion of attachment is followed
by spindle assembly checkpoint silencing, removal of cohesin and separation of sister
chromatids at anaphase (reviewed in (Hauf and Watanabe, 2004; Sacristan and Kops,
2015)). In telophase, separated chromatids decondense and the nuclear envelope

reassembles.
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Figure 1. General illustration of mitosis.

After DNA replication, cohesion is established between sister chromatids with multiple
cohesin complexes (green). During mitosis of mammalian cells, most of the cohesin
on the chromosome arms is dissociated during prophase while a subset of cohesin is
protected and remains at the centromeres. At the onset of anaphase, the cleavage of
cohesin allows sister chromatid segregation.

The segregation of chromosomes in meiosis occurs in two rounds of division, meiosis
| and meiosis Il (Figure 2). Each division consists of prophase, metaphase, anaphase,
and telophase. During prophase of meiosis |, homologous recombination leads to
genomic exchange and the formation of chiasmata that establish a physical
connection between homologous chromosomes. In most organisms, these processes
depend on the pairing of homologs with the help of a protein structure called the
synaptonemal complex (SC). Based on the chromosome morphology, prophase | is
further subdivided into leptonema, zygonema, pachynema, diplonema and diakinesis.
By the end of DNA replication, chromosomes are organized into loops that are
connected by chromosome axis proteins and cohesin to form loop/axis structure. The
assembly of the chromosome axes continues during leptotenema and the proteins of
SC are recruited to form lateral elements. At the same time, multiple DNA double
strand breaks (DSBs) are introduced by Spo11 (Keeney, 2008). By zygonema, the
telomeres cluster together to form a bouquet-like structure which is thought to be
important for the pairing of the homologs (Scherthan, 2007; Zickler and Kleckner,
2015; Loidl, 2016). Meanwhile, the assembly of transverse filaments starts to connect
the lateral elements of the homologs. At pachynema, the SC assembly is complete
and the DSBs are repaired through either crossover or non-crossover pathways. SC
disassembly and condensation of the chromosomes are initiated by pachynema. In
diakinesis, chromosomes condense to form pairs of connected homologs, known as

bivalents. At metaphase |, the bivalents align at the metaphase plate with the



kinetochores of sister chromatids attached to the microtubules from the same pole
(mono-orientation). Crossed-over chromatids that are held together by cohesion form
chiasmata. Chiasmata hold the homologs together and ensure attachment of homolog
centromeres to microtubules from opposite poles. At anaphase |, cohesin dissociates
from chromosome arms (but not from the centromeres) to allow for resolution of
crossovers and the segregation of homologous chromosomes. Similar to mitosis,
biorientation of the sister kinetochores occurs during meiosis Il. It is followed by the
removal of the remaining cohesin from chromosomes, leading to sister chromatid

separation at the onset of anaphase Il.
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Figure 2. General illustration of meiosis.

In meiosis, the chromosome segregation occurs at two rounds. For simplicity, only
four stages of meiosis are shown. During prophase |, chromosome axis and SC
assembly promote programmed DSBs formation and pairing of homologous
chromosomes. In meiosis |, most of the cohesin is cleaved and removed from
chromosome arms while centromeric cohesion is protected. Homologous
chromosomes are segregated during anaphase |. Cleavage of cohesin at the
centromeres promotes sister chromatid segregation during meiosis Il. AE: axial
element, LE: lateral element, CE: central element

10



The Cohesin Complex

The role of cohesin has been well documented for different nuclear processes,
including chromosome segregation, genome organization, and DNA repair (Nasmyth
and Haering, 2009; Seitan and Merkenschlager, 2012; Strom et al., 2007). Cohesin is
critical to maintaining genome stability; a large number of studies have identified
mutations in the genes encoding cohesin subunits and cohesin regulators in different
cancer types (Hill et al., 2016; Banerji et al., 2017; Mazumdar and Majeti, 2017).
Cohesin is also implicated in a number of developmental disorders known as
cohesinopathies. Numerous studies indicate that, in many of these disorders, reduced
cohesin function primarily affects chromatin organization and gene transcription, which

can have profound effects during development (Mazumdar and Majeti, 2017).

Structure of the cohesin complex

The cohesin complex is composed of four conserved subunits: Smc1, Smc3, an a-
kleisin (Scc1/Mcd1/Rad21), and a HEAT repeat protein (Scc3/SA1/2) (Losada et al.,
1998, 2000; Michaelis et al., 1997). The polypeptides of both Smc1 and Smc3
(structural maintenance of chromosomes) proteins fold on themselves to form a hinge
domain, an antiparallel coiled-coil and a nucleotide binding domain (NBD). The
interaction of Smc1 and Smc3 at their hinge domains creates a V-shaped heterodimer
(Haering et al., 2002), and the two NBDs join to form an ATPase with two ATP binding
sites (reviewed in (Nasmyth and Haering, 2009)). The a-kleisin binds asymmetrically
to the Smc dimer, with its N-terminal end at the coiled-coil region next to the Smc3
NBD domain and its C-terminal end at the Smc1 NBD domain (Gligoris and Loéwe,
2016; Gligoris et al., 2014, Huis in 't Veld et al., 2014) . The HEAT repeat subunit,
Scc3/SA1/2, is recruited to the complex via the a-kleisin (Haering et al., 2002; Roig et
al., 2014).

11
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Figure 3. The cohesin architecture and interacting proteins. See the text for
details.

In addition to binding Scc3, the a-kleisin functions as a binding platform for another
HEAT repeat containing protein, Pds5. Although the function of Pds5 can vary
between species, it has been shown that it is required for both the maintenance of
cohesion and the dissociation of cohesin from chromosomes (reviewed in (Mehta et
al., 2012; Haarhuis et al., 2014)). The interaction of Pds5 with Wapl mediates cohesin
dissociation from chromosomes (see below). However, the binding of Pds5 to
vertebrate specific Sororin inhibits the function of Wapl (Nishiyama et al., 2010).
Cohesin also interacts with the Scc2/Scc4 complex, which mediates its loading onto
chromosomes (see below).

Biochemistry and electron microscopy has revealed that the cohesin complex forms a
ring-like structure (Anderson et al., 2002; Gruber et al., 2003; Huis in 't Veld et al.,
2014; Hons et al.,, 2016). Moreover, it has been shown that DNA is topologically
entrapped within the cohesin ring (lvanov and Nasmyth, 2005). Several models have
been proposed for the role of cohesin in mediating sister chromatid cohesion
(reviewed in (Nasmyth and Haering, 2009)). The ring model predicts that both sister
chromatids are held together within a single cohesin ring (lvanov and Nasmyth, 2005;
Haering et al., 2008). The handcuff model, on the other hand, proposes that each
chromatid is entrapped by a single cohesin complex and these complexes interact in

order to mediate sister chromatid cohesion (Zhang et al., 2008b).

12



The HEAT repeat protein Scc3

The HEAT repeat protein subunit of cohesin (Scc3/SA1/SA2/STAG3) interacts with
the a-kleisin (Haering et al., 2002; Roig et al., 2014). Mitosis and meiosis specific
forms of this subunit are encoded in some organisms. For instance, vertebrates have
three homologs, SA1/STAG1 and SA2/STAG2 for somatic cells and STAG3 for
meiosis. The SA1 containing cohesin is essential for telomere cohesion, and SA2
cohesin is required for centromere cohesion (Canudas and Smith, 2009; Remeseiro
et al., 2012). Meiosis specific STAG3 is required for the synapsis of homologous
chromosomes and meiotic DSB repair during meiotic prophase (Fukuda et al., 2014;
Hopkins et al., 2014; Winters et al., 2014). In yeast cells, Scc3 functions in both mitosis
and meiosis. It interacts with the Scc2/Scc4 loader complex and promotes the
association of cohesin with chromatin (Hu et al., 2011; Murayama and Uhlmann,
2014). Moreover, it helps to maintain sister chromatid cohesion (Roig et al., 2014), but
also plays a role in cohesin’s dissociation from chromatin (Hauf et al., 2005; Losada
et al., 2000). Meiosis in the absence of Scc3 results in defective chromosome axis
formation, sister chromatid cohesion and meiotic progression (Fukuda et al., 2012,
2014; Sakuno and Watanabe, 2015; Winters et al., 2014).

Scc2 as a subunit of the cohesin loader complex

Scc2 (Mis4 in fission yeast, Nipbl in mammals) was initially identified in budding yeast
(Michaelis et al., 1997). Scc2 is composed of multiple HEAT repeats (Kikuchi et al.,
2016; Neuwald, 2000), and structural studies show that the C-terminal end of Scc2
folds into a hook-like structure (Chao et al., 2017; Kikuchi et al., 2016). Moreover, the
C-terminal end contains multiple conserved residues that are important for the
interaction with cohesin subunits. Interestingly, these same residues are mutated in
cohesinopathies (Chao et al., 2017; Kikuchi et al., 2016). Emphasizing the importance
of these residues is the finding that Scc2 alone, or even just the C-terminal end, is
sufficient for cohesin loading in vitro (Murayama and Uhlmann, 2014). Although the N-
terminal end of the protein is unstructured, it is required for forming a complex with
Scc4 (Ssl3 in fission yeast, MAU2 in mammals) (Chao et al., 2015; Woodman et al.,
2014). Sccd is a TPR (tetratricopeptide repeat) containing protein that is important for
targeting the complex to specific genomic regions (Watrin et al., 2006; Chao et al.,
2015; Hinshaw et al., 2015).

13



The association of cohesin with chromosomes during mitosis and meiosis

The interaction of cohesin with chromatin is a dynamic process. Protein-protein
interactions and post-translational modifications regulate cohesin association with
chromatin during cell cycle progression. This process is known as cohesin cycle.
Although there are organism-specific differences, the cycle can be divided to three

parts: loading of cohesin, establishment of cohesion, and dissociation of cohesin.

Loading of cohesin

The initial association of cohesin with chromatin occurs at late G1/early S phase in
budding yeast, and at telophase in vertebrates (Darwiche et al., 1999; Michaelis et al.,
1997; Sumara et al., 2000; Uhlmann et al., 1999). Loading depends on the hydrolysis
of ATP by the NBDs of Smc1 and Smc3 (Arumugam et al., 2003; Hu et al., 2011;
Weitzer et al., 2003). The ATPase activity of cohesin is stimulated by the Scc2/Scc4
loader complex which results in the entrapment of DNA (Murayama and Uhlmann,
2014; Petela et al., 2018). Based on mutation studies and artificial blocking of different
cohesin interfaces, it has been suggested that the Smc1-Smc3 hinge interface might
act as the DNA entry gate in human and budding yeast (Buheitel and Stemmann,
2013; Gruber et al., 2006; Kurze et al., 2011; Mishra et al., 2010). However, it is
unknown how ATP hydrolysis at the NBD domains stimulates hinge opening at the

opposite end of the complex.

Establishment of cohesion

Loading of cohesin is not sufficient for the establishment of sister chromatid cohesion
at later stages of the cell cycle. It has been observed that mammalian cohesin has a
short residence time on chromatin before DNA replication (Gerlich et al., 2006). This
dynamic behavior of cohesin during interphase has been suggested to be due to the
anti-establishment activity of Wapl (Kueng et al., 2006). The stable association of
cohesin occurs during DNA replication both in mammals and yeast (Gerlich et al.,
2006; Haering et al., 2004). During DNA replication, the conserved K112 and K113
residues of budding yeast Smc3 (K105 and K106 in mammals) are acetylated by Eco1

acetyltransferase (Esco1 and Esco2 in mammals) (Ben-Shahar et al., 2008; Unal et
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al., 2008; Zhang et al., 2008a). Acetylation antagonizes the anti-establishment
function of Wapl and Pds5 (Gandhi et al., 2006; Kueng et al., 2006; Rowland et al.,
2009; Tedeschi et al., 2013). In vertebrates, the maintenance of cohesins’ stable
interaction with DNA also depends on Sororin (Nishiyama et al., 2010; Schmitz et al.,
2007).

Cohesion can also be established independently of DNA replication in mitotically
dividing cells. In the presence of DNA damage, the Scc2/Scc4 complex promotes the
loading of cohesin around the DNA damage sites, as well as through the genome
(Strom et al., 2004, 2007; Unal et al., 2007) . The acetylation of cohesin by Eco1 is
important for damage induced cohesion. In this case, however, Mcd1 (the budding
yeast kleisin subunit), not Smc3, is the target for modification. Mcd1 is phosphorylated
at S83 by checkpoint kinase1 (Chk1), and this modification is required for the
subsequent acetylation of K84 and K210 by Eco1 (Heidinger-Pauli et al., 2008, 2009).

The dissociation of cohesin

The connection between sister chromatids needs to be released in order to allow sister
chromatid separation. In mitotically dividing budding yeast, all cohesin is removed at
the onset of anaphase by the thiol protease separase (Uhlmann et al., 2000). During
the cell cycle, separase is kept inactive by its interaction with securin and by inhibitory
phosphorylation. Once the correct attachment of the chromosomes to opposing
microtubules is achieved, the anaphase-promoting complex (APC/C) adds ubiquitin to
the securin. Ubiquitination stimulates securin degradation and the activation of
separase (reviewed in (Kamenz and Hauf, 2017)). The active separase cleaves the
phosphorylated a-kleisin subunit and leads to the release of cohesin from chromatids
(Uhlmann et al., 2000).

In vertebrate cells, the bulk of cohesin is released from chromosome arms prior to
anaphase, during mitotic prophase (Sumara et al., 2000; Waizenegger et al., 2000).
This so-called “prophase pathway” depends on the phosphorylation of the SA2 (Scc3)
subunit of cohesin by polo-like kinase (PIk1) (Hauf et al., 2005; Sumara et al., 2002).
Wapl/Pds5 interacts with phosphorylated SA2 and promotes the release of cohesin
through the Smc3/a-kleisin interface (Buheitel and Stemmann, 2013; Chan et al.,
2012; Eichinger et al., 2013; Hauf et al., 2005). The cohesin at the centromeres is

15



protected from the prophase pathway by the protein phosphatase 2A (PP2A).
Shugoshin (Sgo1) recruits PP2A to the centromeres, where SA2 is dephosphorylated
and the dissociation function of Wapl is inhibited (Hara et al., 2014, Kitajima et al.,
2006; McGuinness et al., 2005). At anaphase, the remaining centromeric cohesin is

cleaved by separase and sister chromatids are pulled to opposite sides of the cell.

During meiosis, the mitosis specific cohesin subunits are replaced with meiosis
specific subunits. Most notable is the presence of meiosis specific Rec8 as the kleisin
subunit. The dissociation of cohesin from chromosomes is a step-wise process. In
meiosis |, Rec8 is phosphorylated by casein kinase 1 and Dbf4-dependent kinase. At
the onset of anaphase |, the activated separase cleaves the phosphorylated Rec8
from chromosome arms and allows the homologous chromosomes to segregate (Brar
et al., 2006; Buonomo et al., 2000; Katis et al., 2010). A small pool of cohesin at the
centromeres is protected from cleavage by Shugoshin protein (Katis et al., 2010;
Kitajima et al., 2003). Shugoshin recruits PP2A phosphatase to the centromeres,
which removes the phosphorylation on cohesin and inhibits its recognition by
separase, thus preventing Rec8 cleavage and cohesin dissociation (Kitajima et al.,
2006; Riedel et al., 2006). In meiosis Il, the protection of cohesin at centromeres is

lost, which allows the separase cleavage and removal of cohesin.

Post-translational regulation of cohesin

Post-translational modifications (PTMs) of non-histone proteins are fundamental for
all cellular processes. The modification of one or more residues can regulate protein-
protein interactions, localization, stability, and enzymatic activity of the target proteins.
Cohesin is not an exception. More and more studies have shown how different PTMs
regulate cohesin function in diverse processes. As mentioned above, acetylation is
required for the establishment of cohesion, and phosphorylation for the dissociation of
cohesin from chromosomes. DNA damage, on the other hand, induces not only
phosphorylation and acetylation but also SUMOylation of cohesin, which is described

in further detail below.
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Cohesin SUMOylation

SUMOylation is a reversible modification that is based on the covalent attachment of
a small ubiquitin-related modifier (SUMO) polypeptide to the lysine residues of a target
protein. The process is mediated via an enzymatic cascade that includes E1 SUMO
activating, E2 SUMO conjugating and E3 SUMO ligase enzymes (reviewed in
(Johnson, 2004)). The lysine residues of SUMO polypeptides can also be
SUMOylated, which results in the formation of SUMO chains. SUMOylation can act as
a binding interface for proteins containing SUMO-interacting motifs (SIMs) and
modulate enzymatic activity or subcellular localization of the modified protein.
Moreover, SUMOylation can be recognized as signal for the protein degradation
(Cubefias-Potts and Matunis, 2013). SUMOylation can be reversed by SUMO specific
proteases/isopeptidases that remove SUMO from the substrate protein (reviewed in
(Nayak and Miller, 2014)) .

The SUMOylation of all cohesin subunits has been detected during mitosis in budding
yeast. The increase of cohesin SUMOylation during DNA replication has been
proposed to be involved in the establishment of cohesion (Almedawar et al., 2012). It
has also been suggested that the cell cycle dependent SUMOylation of Pds5 might
promote the dissociation of cohesin at mitotic anaphase in budding yeast (Stead et al.,
2003). In budding yeast, polySUMOylaton of Mcd1 (a-kleisin) in the absence of Pds5
results in the ubiquitination and subsequent degradation of the protein (D’Ambrosio
and Lavoie, 2014) .

In addition, the SUMOylation of budding yeast Mcd1 is required for de novo
establishment of cohesion in the presence of DNA damage (McAleenan et al., 2012).
However, in human cells the SUMOylation of Scc1 (c-kleisin) is required for DNA
repair but not for cohesion (Wu et al., 2012). Moreover, a recent study in mice
proposes the involvement of SUMO in the maintenance of centromeric cohesion prior

meiosis Il (Ding et al., 2018).
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The advantages of Tetrahymena thermophila as a model organism

Tetrahymena thermophila is a free-living, freshwater, unicellular ciliate. Its unique
features as a model organism have allowed for important findings, including the
discovery of self-splicing RNAs, dynein, telomeric repeats and telomerase (Blackburn
and Gall, 1978; Cech et al., 1981; Gibbons and Rowe, 1965; Greider and Blackburn,
1985).

Tetrahymena contains two nuclei within a single cell. The small germline nucleus is
transcriptionally silent during vegetative growth and resides within a pocket on the
surface of the larger somatic nucleus. Although the somatic nucleus is derived from
the germline nucleus during sexual reproduction (see below), the genome composition
of the two nuclei is very different from each other. The germline nucleus is diploid and
contains five chromosomes, while the somatic nucleus contains approximately 50
copies each of ~225 chromosomes (Eisen et al., 2006; Hamilton et al., 2016).

The nuclear dualism of Tetrahymena presents an advantage to study lethal mutations.
Homozygous mutations can be introduced into the germline nucleus without affecting
the cell viability, and the phenotype can be expressed only in the sexual progeny
carrying the mutation. In addition, tagged protein fusions and knock-out strains can be
created by homologous recombination, and gene knockdowns are possible using
inducible RNAi (Howard-Till and Yao, 2006; Kataoka et al., 2010; Hayashi and
Mochizuki, 2015). These applications are possible because of the availability of the
genome sequence of both nuclei (Eisen et al., 2006; Hamilton et al., 2016).
Furthermore, fast cell growth and synchronous mating enables the analysis of different

biological processes easily.
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Figure 4. Schematic illustration of the life cycles of Tetrahymena thermophila.
See the text for details.

The Tetrahymena has two life cycles: vegetative and sexual reproduction (Figure 4).
In the presence of nutrients, the germline nucleus of vegetatively growing cells
undergoes mitosis while the somatic nucleus undergoes amitosis, in which
chromosomes are randomly split between daughter cells.

The sexual reproduction stage can be induced by starvation, after which Tetrahymena
cells of different mating types can form a pair. The germline nuclei of both cells
undergo synchronous meiosis. Similar to fission yeast, Tetrahymena does not utilize
an SC during meiotic prophase (Loidl, 2016). However, the induction of programmed
DSBs by Spo11 triggers the elongation of the germline nuclei and the formation of a
crescent like structure (Mochizuki et al., 2008; Loidl and Mochizuki, 2009). The
clustering of telomeres and centromeres to the opposite ends of the elongated nuclei
facilitates the formation of a bouquet-like structure and promotes the pairing of the
homologous chromosomes (Loidl et al., 2012). At the end of meiosis, one of the four
meiotic products undergoes a mitotic division to form pronuclei, and the remaining
nuclei are degraded. A reciprocal exchange of pronuclei between paired cells leads to
cross-fertilization and zygote formation. The zygotes undergo two additional rounds of

mitotic divisions to give rise to four post-zygotic nuclei. Programmed genome
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rearrangements occur in two of these nuclei to form the new somatic nuclei.
Meanwhile, the parental somatic nuclei are degraded. During the somatic nuclei
development the germline specific chromosomes are fragmented at chromosome
breakage sites, IESs sequences are removed, and the chromosomes are replicated

to form the polyploid somatic nuclei (reviewed in (Noto and Mochizuki, 2017)).
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Aims of the thesis

In Tetrahymena, a single cohesin complex has been identified to be essential during
mitosis and meiosis (Howard-Till et al., 2013). The complex has been detected only in
the transcriptionally silent germline nucleus. In contrast to other eukaryotes, not all
proteins regulating the function of cohesin in different nuclear processes have been
identified. The goals of this study were to identify and characterize proteins and PTMs
required for cohesin function. Most of the experiments presented in the chapter 1 and
2 have been published in (Ali et al., 2018).

Aim 1- Characterization of Tetrahymena homologs of Scc3 and Scc2 (Chapter 1 and
2)

The initial goal was to identify cohesin interacting proteins by MS analysis. The
approach did not lead to identification of conserved or Tetrahymena specific proteins.
However, a Scc2 homolog was identified and its role in cohesin function was studied.
In addition, the functional conservation of Scc3 homolog which has been identified but

not characterized was investigated (Howard-Till et al., 2013).

Aim 2- Identification of PTMs of cohesin (Chapter 3)

The cohesin machinery in Tetrahymena appears to be relatively parsimonious. The
question we explored in chapter 3 is how a single complex is able to function in
different cellular processes for which other organisms need dedicated versions of the
complex. As a possible explanation of the versatility of this complex, we aimed to

search for PTMs of cohesin subunits at different stages of the Tetrahymena life cycle.
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Results

Chapter 1. Scc3 is essential for the chromatin association
of cohesin in Tetrahymena

The interaction of Smc1, Smc3, and an a-kleisin forms a tripartite ring which entraps
DNA (Nasmyth and Haering, 2009; Rankin and Dawson, 2016). The HEAT repeat
protein Scc3 is recruited to cohesin through its interaction with the a-kleisin subunit
(Haering et al., 2002; Roig et al., 2014). In yeast and mammals, Scc3 is required for
the association of cohesin with chromatin (Hu et al., 2011; Murayama and Uhlmann,
2014), the maintenance of sister chromatid cohesion (Roig et al., 2014), and for
cohesin’s dissociation from chromatin (Hauf et al., 2005; Losada et al., 2000). In
addition, chromosome axis formation, sister chromatid cohesion and meiotic
progression are defective in the absence of Scc3 (Fukuda et al., 2012, 2014; Sakuno
and Watanabe, 2015; Winters et al., 2014). In Tefrahymena, a putative homolog of
Scc3 was identified based on homology at the conserved STAG domain (Howard-Till
et al.,, 2013). In this part of the project, the goal was to further characterize the

involvement of Tetrahymena Scc3 in cohesin function.

The Tetrahymena Scc3 homolog associates with Rec8, Smc1, and Smc3

Similar to Smc1 and Rec8, Scc3 localizes only in the germline nucleus during both
vegetative growth and mating of Tetrahymena (Ali et al., 2018; Howard-Till et al.,
2013). Likewise, the expression profile of SCC3 shows a pattern similar to the other
cohesin subunits, with a distinct double peak during meiosis and gametogenic mitosis
(Miao et al., 2009)(Figure 5). In agreement with the expression profile, western blots
of mCherry tagged Scc3 show the protein level of Scc3 is higher in mating than in
growing or starved cells (Figure 5). It is likely that the expression of SCC3 gene is also
high during mitosis, but in unsynchronized growing cells, only about 13% of the cells

are undergoing mitosis (Ali et al., 2018).
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Figure 5. The expression and protein level of Scc3 increases during mating.

A. The expression profile of SCC3 (TTHERM_00225630) shows elevated expression
in mating Tetrahymena. L: vegetative cells, S: starvation, C: conjugation. The
expression data was obtained from http://tfad.ihb.ac.cn/ (Miao et al., 2009; Xiong et
al., 2013). B. Similar to the expression profile, the protein level of Scc3 increases
during mating. Cells expressing Scc3-mCherry were used for whole protein extracts
at the indicated time points. (V: vegetative, S: starvation, 2-7: hours after initiating
mating, WT: wild-type vegetative) (Ali et al., 2018).

To test whether Tetrahymena Scc3 associates with Smc1, Smc3, and Rec8, strains
expressing HA tagged Smc1 or Scc3 from the endogenous loci were created. Because
the protein level of cohesin subunits is abundant during mating, immunoprecipitations
(IPs) were performed at 4h and 6h after initiation of mating. The 4h time point
corresponds to meiotic prophase whereas the 6h time point corresponds to anaphase
Il of meiosis and gametogenic mitosis. We hoped to differentiate between protein
interactions important for meiotic pairing and meiotic DSB repair at the early timepoint,
and cohesin loading during replication and a mitosis-like division at the late timepoint.
Mass spectrometry (MS) analysis of Smc1-HA IP samples identified Scc3 together
with Smc3 and Rec8 as Smc1 associated proteins (Ali et al., 2018). As a reciprocal
experiment, IPs were performed on Scc3-HA in 4h mating cells (Table 1). MS of this
sample confirmed that all cohesin subunits coprecipitated with Scc3, indicating that
Scc3 is a stable part of the cohesin complex. Unfortunately, neither experiment

revealed any new potential cohesin interactors (Ali et al., 2018).
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Table 1. Mass Spectrometry of IPs shows the interaction of Scc3 with other
cohesin subunits. (Ali et al., 2018)

Proteins Unique  Sequence

Bait protein Identified peptides coverage (%)
Smc1-HA
Smcf 116 71,1
Smc3 93 55,8
Scc3 80 54
Rec8 36 59,5
Scc3-HA
Scc3 74 48,2
Smc1 79 55,4
Smc3 64 43,5
Rec8 27 41,5

Scc3 is required for proper chromosome segregation in mitosis and DSB
repair in meiosis

In order to study the function of Scc3, inducible RNA interference (RNAIi) was used to
deplete Scc3 (Howard-Till and Yao, 2006). When Scc3-mCherry strains were induced
for Scc3 RNAI (scc3i) for 24h, Scc3 was not detectable either by cytology or western
blotting (Figure 6A). Vegetative cells depleted of Scc3 had chromosome segregation
defects. 23% of the cells had lagging chromosomes during mitotic anaphase, whereas
none was detected in WT cells (Ali et al., 2018) (Figure 6B). To allow direct comparison
of Scc3 depletion and WT cells in meiosis, WT cells were mated with Scc3 depleted
cells. In each mating pair, elongation of the germline nucleus during prophase was
observed in both cells. However, the scc3i partner arrested at a metaphase-like stage,
while the WT cells were able to complete anaphase Il (Ali et al., 2018). To test the
formation and processing of meiotic DSBs in the absence of Scc3, slides prepared
from the same mating were stained with antibodies recognizing Dmc1/Rad51 and y-
H2A.X. Both Dmc1/Rad51 and y-H2A.X foci mark the formation of DSBs during early
prophase until their repair during late prophase (Howard-Till et al., 2011; Mochizuki et
al., 2008). In the WT partner cell, the DSB foci were visible at prophase and they

disappeared at metaphase. In the scc3i cell, however, the DSB signals were formed
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during prophase and were still present in the arrested metaphase-like stage indicating
delayed or aborted DSB repair (Ali et al., 2018). These results indicate that Scc3 is
not required for meiotic DSB formation, but it is essential for DSB repair. This scc3i
defect resembles the phenotype observed for Rec8 and Smc1 depletion, suggesting
that the phenotype might be due to the absence or lack of function of the entire cohesin

complex (Howard-Till et al., 2013).
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Figure 6. Scc3 is required for chromosome segregation and DSB repair.

A. Protein extracts of vegetative Scc3-mCherry + scc3i cells were collected at
indicated time points after RNAI induction. a-tubulin was used as a loading control in
the western blot, and * indicates a non-specific band recognized by the dsRED
antibody. For cytology, cells were fixed at Oh (control) and 24h (scc3i). Both the
western blot and IF show that induction of scc3i for 24h is sufficient for complete
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depletion of Scc3. B. Vegetative cells were collected 24h after induction of scc3i.
Lagging chromosomes during mitotic divisions were observed in scc3i cells, but not in
the WT cells. Matings of WT cells with scc3i cells show a metaphase-like arrest only
in the scc3i partner, whereas WT cells proceed through meiosis. C. DSB repair is
defective in the absence of Scc3. Mating cells from B were fixed in high detergent and
stained with the Dmc1/Rad51 antibody, or fixed with the modified Schaudinn method
and stained for y-H2A.X. Scale bars equal 5um (Ali et al., 2018).

The germline localization of Rec8 and Smc1 is Scc3 dependent

It has been shown that Scc3 is required for the association of cohesin with chromatin
in mice and budding yeast (Fukuda et al., 2014; Roig et al., 2014). Therefore, the
observed meiotic phenotype of scc3i might be due to the inability of cohesin to
associate with chromatin. In order to test this possibility, Scc3 was depleted in strains
expressing either Smc1-HA or Rec8-HA3His6. Cytological analysis showed that
neither Smc1 nor Rec8 was able to localize to the germline nucleus in the absence of
Scc3. However, depletion of Scc3 did not have any effect on the protein level of Smc1
and the overall protein level of Rec8, although one form of Rec8, which was possibly
phosphorylated, was absent after depletion of Scc3 (Figure 7, A+B)(Ali et al., 2018).

Previous studies have shown that chromatin association of Scc3 is a-kleisin
dependent (Roig et al., 2014). To determine whether this is also the case in
Tetrahymena, Rec8 was depleted in cells expressing Scc3-HA. Similar to Scc3,
complete depletion of Rec8 protein level could be obtained by inducing RNAI for 24h
(Ali et al., 2018; Howard-Till et al., 2013). While Rec8 depletion did not have any effect
on the protein level of Scc3, Rec8 was required for the Scc3 localization in the
germline nucleus (Figure 7C) (Ali et al., 2018). This supports the idea that Scc3 is an
essential part of the cohesin complex, and does not function independently or

associate with chromatin without the other cohesin subunits.
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Figure 7. The germline localizations of Rec8, Smc1, and Scc3 are inter-
dependent.

Protein extracts of vegetative cells expressing different tagged cohesin subunits were
prepared at the indicated time points after induction of either scc3i or rec8i. For
immunofluorescence, cells were fixed at Oh (control) and 24h (scc3i / rec8i) and
stained with anti-HA. A. In Smc1-HA + scc3i cells, depletion of Scc3 does not affect
the protein level of Smc1, but it does abolish its nuclear localization. B. Rec8-HA3His6
+ scc3i cells show that one form of Rec8 and its localization is dependent on the
presence of Scc3. C. In Scc3-HA + rec8i cells, the germline localization of Scc3 is
Rec8 dependent, but the protein level of Scc3 does not change. * indicates a non-
specific band recognized by the HA antibody. Scale bars equal 5um (Ali et al., 2018).
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Scc3 is required for the phosphorylation of Rec8

A western blot of Rec8-HA3His6 from vegetative cells shows a double band pattern
for Rec8, with the upper band being the predominant form (Oh in Figure 7B). To test
whether the slower migrating form represents phosphorylated Rec8, Rec8 was
immunoprecipitated from starved cells and subjected to phosphatase treatment (in
collaboration with Rachel Howard-Till). The slower migrating form of Rec8 was lost
after lambda protein phosphatase treatment, indicating that Rec8 is phosphorylated
(Figure 8A). As mentioned above, the phosphorylated form of Rec8 (pRec8)
disappeared gradually after induction of scc3i, disappearing altogether by 24 hours of
induction. Concurrently, the germline localization of Rec8 was also lost. To investigate
the link between Rec8 phosphorylation and chromatin association, cellular
fractionation was performed in Rec8-HA3His6 expressing cells to separate soluble vs.
chromatin bound proteins. In starved cells, pRec8 was found primarily in the chromatin
fraction, and only a small amount of unphosphorylated Rec8 was present in the soluble
fraction (Figure 8B). Vegetatively growing cells had higher levels of unphosphorylated
Rec8 in the soluble fraction. In the absence of Scc3, only the soluble,
unphosphorylated form of Rec8 was detected, in agreement with previous western
blots and cytology (Figures 7B and 8B). Therefore, these results show that chromatin-
bound Rec8 is phosphorylated. Immunoprecipitated Rec8 from chromatin and soluble
fractions was also subjected to mass spectrometry analysis to identify modified
residues. Six serine residues: 162, 164, 208, 354, 355, and 529, showed enriched
phosphorylation in chromatin bound Rec8 compared to soluble Rec8 (Figure 8C) (Al
et al., 2018).
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Figure 8. Chromatin bound Rec8 is phosphorylated.

A. Rec8-HA3His6 was immunoprecipitated and treated with lambda phosphatase
(APP). The upper band representing phosphorylated Rec8 was lost after the treatment
(courtesy of Rachel Howard-Till). B. Scc3 is required for the chromatin association of
phosphorylated Rec8. Cellular fractionation was performed on Rec8-HA3His6 or
Rec8-HA3His6 + scc3i cells after 24h of RNAi induction. In the absence of Scc3, Rec8-
HA3His6 is only detected in the soluble fraction. (S: soluble, C: chromatin bound, W:
whole cell lysate). C. Phosphorylation sites of chromatin bound Rec8 were identified
by MS. Rec8-HA3His6 was immunoprecipitated from soluble and chromatin fractions.
Six residues were found to be more phosphorylated in the chromatin fraction
compared to the soluble fraction, as shown by the ratio of the intensity of phospho-
peptide to the intensity of unmodified peptide. Blue bars represent the chromatin
fraction and red bars represent the soluble fraction (Ali et al., 2018).

de novo loading of Rec8 in meiotic prophase is Scc3 dependent

The loading of cohesin occurs during telophase in higher vertebrates and during S
phase in yeast (Darwiche et al., 1999; Michaelis et al., 1997; Sumara et al., 2000;
Uhlmann et al., 1999). Immunofluorescence of Tetrahymena cohesin subunits shows
that cohesin is present on germline chromatin at all stages of the life cycle, which
makes it difficult to determine at which stage new cohesin loading occurs (Howard-Till

et al., 2013). However, a feature of mating Tefrahymena is that proteins can be
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exchanged between paired cells (McDonald, 1966), which can allow for detection of
de novo loading of tagged cohesin expressed in only one partner. At late meiotic
prophase, Rec8-mCherry is detected in the germline nucleus of WT (untagged) cells
mated with cells expressing tagged Rec8, suggesting that cohesin loading is occurring
at this time (Figure 9). scc3i was induced in starved Rec8-mCherry cells prior to mating
in order to suppress new Scc3 protein translation during mating. In this case, germline
Rec8 was still observed in the scc3i cells, suggesting that only new cohesin loading is
affected, and cohesin already loaded prior to mating remains unchanged. However,
loading of new cohesin was disrupted in absence of Scc3, as no Rec8 signal is
detected in the germline of the WT partner (Figure 9). These experiments were
performed at late prophase stage where DSB repair occurs (Howard-Till et al., 2011;
Loidl and Lorenz, 2016). Loading of new cohesin and establishment of cohesion
occurs in the presence of DNA breaks in other model systems (Heidinger-Pauli et al.,
2008, 2009; Unal et al., 2007). To test if meiotic cohesin loading in Tetrahymena
occurs in response to meiotic DSB formation, RNAi was used to deplete Spo11, the
Topo ll-like protein that is responsible for creating meiotic DSBs (Howard-Till et al.,
2013). Rec8-mCherry cells were mated with either WT cells or spo17i cells and fixed
using a high concentration of detergent, which removes unbound proteins from the
germline (Howard-Till et al., 2011) Rec8 was detected in WT cells as well as in the
Spo11 depleted cells. These results indicate that the loading of cohesin is not DSB
dependent (Ali et al., 2018).
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Rec8+scc3i

Figure 9. Scc3 is required for the de novo association of Rec8 with chromatin in
meiotic prophase.

Mating was induced between WT cells and cells expressing Rec8-mCherry in the
presence (bottom panel) or absence of scc3i (top panel). The cells were fixed with a
high detergent method 4h after initiation of mating. The enlarged images show the
germline nucleus of the WT partner. Chromatin association of Rec8 was detected in
the control matings but not in scc3i matings. Scale bars equal 5um (Ali et al., 2018)

Figure 10. Loading of Rec8 is not Spo11 induced DSB dependent.

Cells expressing Rec8-HA3His6 were mated with WT cells or spo77i cells. Rec8
localization in the germline was still detected in the absence of Spo11. Scale bar
equals 5um (Ali et al., 2018)
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Chapter 2. Characterization of a Tefrahymena Scc2
homolog

TTHERM_00678460 gene encodes for a homolog of Scc2, a cohesin
loader complex subunit

TTHERM_00678460 was identified as a meiosis specific gene in a screen for
meiotically upregulated genes (Loidl J. personal communication). To identify the
protein encoded by this gene, the predicted protein sequence was used to search
publicly available protein sequence databases (States and Gish, 1994). A BLAST
search revealed homology to the Scc2/Nipbl subunit of the cohesin loader complex.
To search for conserved residues, the predicted protein sequence of
TTHERM_00678460 was aligned with Scc2 homologs from different organisms
(Edgar, 2004; Kearse et al., 2012). The three most homologous regions are shown in
Figure 11A. Two of these regions include residues that have been identified as
important for the interaction of Scc2 with the cohesin kleisin subunit Scc1, which are
conserved in Tetrahymena (Ali et al., 2018; Kikuchi et al., 2016). Therefore, based on
the protein’s homology to Scc2, we named TTHERM_00678460 gene as SCC2.

The expression profile of the SCC2 gene shows high peak of expression at 2-4h during
mating (http://tfgd.ihb.ac.cn) (Miao et al., 2009; Xiong et al., 2013)(Figure 11B). To
determine protein levels of Scc2 at different stages, the C-terminal end of the SCC2
gene was fused with the HA3His6 tag at the endogenous locus (Ali et al., 2018).
Western blotting of samples collected from different stages of Tefrahymena life cycle
show that Scc2 is present in both vegetative and sexually reproducing cells (Figure
11C). Similar to the RNA expression profile, the protein levels peak between 2h and
4h of mating. This time interval corresponds to meiotic prophase, where programmed
DSBs are formed and repaired, homologous chromosomes are paired, and meiotic
recombination occurs (Howard-Till et al., 2011; Lukaszewicz et al., 2010; Mochizuki et
al., 2008).
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Figure 11. Tetrahymena TTHERM_00678460 is a homolog of Scc2 with enriched
protein level during prophase.

A. Tetrahymena TTHERM_00678460 protein shows homology to the cohesin loader
subunit Scc2/Nipbl of different species. Protein sequences of Scc2 homologs from
Tetrahymena thermophila (Tt), Saccharomyces cerevisiae (Sc),
Schizosaccharomyces pombe (Sp), Chaetomium thermophilum (Ct), and Homo
sapiens (Hs) were used to create the alignment in Geneious software (version 11.0.4)
using the Muscle algorithm 3.8.425 (Edgar, 2004; Kearse et al., 2012). The selected
regions show homology at some of the residues (labeled with *) that interact with the
Scc1 kleisin (Kikuchi et al., 2016). B. The expression profile of TTHERM_00678460
shows a peak during early time points of mating. L: vegetative cells, S: starvation, C:
conjugation. Data was obtained from http://tfgd.ihb.ac.cn/ (Miao et al., 2009; Xiong et
al., 2013). C. Western blot of Scc2-HA3His6 shows high protein levels during early
meiosis (2-4h after initiating mating). Samples were collected at different time points
of Tetrahymena cell cycle; V: vegetative growth, S: starvation, 2-7h after initiating
mating. WT: untagged vegetative wild-type. a-tubulin was used as the loading control
(Ali et al., 2018).
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If the function of Tetrahymena Scc2 as a cohesin loader is conserved, the protein
should be localized in the germline nucleus, like other cohesin subunits (Howard-Till
etal., 2013). To assess the localization of Scc2, Scc2-HA3His6 cells were fixed during
vegetative growth and different stages of mating and stained against HA. Scc2 is
present in both vegetative and mating cells, and, similar to the cohesin subunits, Scc2
is localized only in the germline nucleus (Figure 12). The Scc2 signal is strongest in
early prophase, in the elongating germline nuclei up to the full crescent stage,
decreasing at the later stages of mating (Figure 12A). To determine if Scc2 was bound
to chromatin, Scc2-HA3His6 cells mated with cells co-expressing Scc2-HA3His6 and
Rec8-mCherry were fixed under high-detergent conditions (Figure 12B). As previously
shown, chromatin-bound Rec8 can be detected at all stages of mitosis and meiosis
(Howard-Till et al., 2013). Scc2 also appears to be chromatin bound, and shows the

strongest signal in the germline during early meiotic prophase.
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Figure 12. Scc2 localization in the germline nucleus during vegetative and
sexual reproduction.

A. Scc? localizes to the germline nucleus in mitosis and meiosis. Vegetative Scc2-
HA3His6 cells or cells mated with WT cells were fixed with the standard formaldehyde
method for IF. B. Scc2 is chromatin associated and shows strongest localization at
meiotic prophase. Cells expressing both Scc2-HA3His6 and Rec8-mCherry were fixed
during vegetative growth or while mating with Scc2-HA3His6 cells. Fixations were
performed in high detergent to remove soluble protein. Chromatin association of Rec8
could also be detected at different stages. Scale bars equals 5 um (Ali et al., 2018).

The abundant meiotic prophase localization of Scc2 is not dependent on
Spo11 induced DSBs

Localization and protein levels of Scc2 suggest that it is most active during early
prophase. In many organisms, the pairing of homologous chromosomes and the
formation of crossovers during meiotic prophase depend on the assembly of the SC
and the induction and repair of programmed DSBs (Hunter, 2015; Subramanian and
Hochwagen, 2014). The Scc2/Scc4 loader and meiosis specific cohesin complexes
contribute to these processes in other models (Gyuricza et al., 2016; Visnes et al.,
2014; Agostinho et al., 2016; Rong et al., 2016). To test whether Scc2 accumulation
is dependent on the presence of Spo11 induced DSBs, Scc2-HA3His6 cells were
mated with spo17i cells to prevent the induction of DSBs. As a control, WT cells were
mated with Scc2-HA3His6 expressing cells. Scc2 is present in the germline nucleus
in both the control samples and the Spo11 depleted cells, suggesting that the
localization of Scc2 during early prophase is not a downstream step of meiotic DSB

induction or repair (Figure 13) (Ali et al., 2018).
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Figure 13. The meiotic prophase localization of Scc2 is not DSBs dependent.
Cells expressing Scc2-HA3His6 were mated with wild-type cells or spo11i cells.
Samples were fixed 4h after initiating mating and immunostained for HA. Scc2 is
present in the germline nucleus of wild-type cells as well as in Spo11 depleted cells
(arrows). Scale bar equals 5 um (Ali et al., 2018).

Tetrahymena Scc2 interacts with Rec8 and Scc3

Scc?2 is able to interact with different cohesin subunits, either alone or as part of the
Scc2/Scc4 loader complex (Bermudez et al., 2012; Murayama and Uhlmann, 2014;
Kikuchi et al., 2016). To study the interaction of Tetrahymena Scc2 with other cohesin
subunits, cells co-expressing Scc2-HA3His6 and Rec8-mCherry or Scc2-HA3His6
and Scc3-mCherry were generated and mated with WT cells. Cells expressing only
Rec8-mCherry or Scc3-mCherry were used as negative controls. Scc2-HA3His6 was
immunoprecipitated from protein extracts prepared 4 h after initiating mating, when
protein levels of Scc2 are highest. Western blot analysis of the IPs shows that both
Scc3 and Rec8 were pulled down with Scc2, confirming that Tetrahymena Scc2 is

able to interact with different cohesin subunits (Figure 14)(Ali et al., 2018).

IP Input IP Input
Rec8-mCherry - - - - + + + +
Scc3-mCherry  + + + + - - - -
Scc2-HA3His6  + - + - + - + -
- — — —
— === dsRED
S Ll
HA

Figure 14. Scc3 and Rec8 interact with Scc2.

Cells expressing Scc2-HA3His6 + Scc3-mCherry, Scc3-mCherry, Scc2-HA3His6 +
Rec8-mCherry, or Rec8-mCherry were mated to WT cells. 4h after initiation of mating,
cell lysates were prepared and used for immunoprecipitation of Scc2. Western blots
of IP and input samples were probed with antibodies against dsRED and HA. Scc3
and Rec8 co-precipitated with Scc2 (Ali et al., 2018).
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Scc? is essential for proper chromosome segregation and meiotic DSB
repair

To study the function of Scc2 in Tetrahymena, knock-out strains of Scc2 (scc24) were
generated (in collaboration with Josef Loidl). During vegetative growth, cells show
anaphase bridges and lagging chromosomes in mitotically dividing germline nuclei (Ali
et al., 2018). In mating scc24 cells, the germline nuclei form a disrupted elongated
structure with regions devoid of DNA, for which we do not have an explanation.
Moreover, meiotic progression was blocked without formation of distinct bivalents. To
avoid the confounding effects of accumulated mitotic defects on meiosis, Scc2 was
depleted just prior to mating using RNAI (scc2i). In matings between scc2i and WT
cells, the WT partners were able to complete meiosis, whereas the scc2i cell arrested
with uncondensed chromosomes. This phenotype is similar to that of cells depleted of
cohesin subunits, which arrest with unrepaired meiotic DSBs. To investigate whether
meiotically arrested scc2i cells have DSB repair problems, scc2i cells were mated with
WT and stained for the DSB markers Dmc1/Rad51 and y-H2A . X. Foci for both markers
were detected in the germline nuclei at prophase stage of WT and Scc2 depleted cells,
indicating that DSB formation is not dependent on Scc2. While both Dmc1/Rad51 and
v-H2A.X foci disappear at metaphase in WT cells, the scc2i cells show multiple foci
(Figure 15C)(Ali et al., 2018). Consistent with observations in C.elegans and budding
yeast (Brar et al., 2009; Klein et al., 1999; Lightfoot et al., 2011), these results imply

that Scc2 is required for the repair of meiotic DSBs in Tetrahymena.
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A Vegetative Prophase abnormal Metaphase or Anaphase

B Prophase Metaphase

C Prophase Metaphase Prophase

Figure 15. Chromosome segregation, meiotic progression, and meiotic DSB
repair are dependent on Scc2.
A. scc2A cells were fixed at different stages and stained with DAPI. In the absence of

Scc2, vegetative cells show defective mitotic divisions of the germline nucleus (arrow)
(courtesy of Josef Loidl). B. WT cells were mated with scc2i cells induced for 24h. WT
cells complete meiosis whereas Scc2 depleted cells arrest prior to metaphase. *
indicate disrupted germline nuclei. C. Mating cells in (B) were stained for Dmc1/Rad51
or y-H2A.X. Scale bars equal 5 um (Ali et al., 2018).
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Scc2 is not required for the chromatin association of Rec8 and Scc3

In other systems, Scc2 is a subunit of the cohesin loader complex which is required
for cohesin loading during mitosis and meiosis (Ciosk et al., 2000; Lightfoot et al.,
2011; Watrin et al., 2006). To investigate the role of Tefrahymena Scc2 in cohesin
loading, the chromatin association of Rec8 and Scc3 was tested in Scc2 depleted
cells. scc2i was induced in cells co-expressing either Scc2-HA3His6 and Scc3-
mCherry or Scc2-HA3His6 and Rec8-mCherry. Similar to the depletion of cohesin
subunits, complete depletion of Scc2 was achieved 24h after RNAI induction. IF was
performed on high-detergent fixations of uninduced controls and scc2i cells induced
for 24h, which showed that Scc3 and Rec8 are chromatin bound in the germline
nucleus both in the presence and absence of Scc2 (Figure 16). In addition, protein
samples at different time points after the RNAi induction were collected and analyzed
by western blotting. Consistent with the IF, the protein level of Scc3 does not change
after Scc2 depletion (24h). Although Rec8 is present after complete depletion of Scc2,
the slower migrating phosphorylated form of Rec8 is lost. In the case of Scc3
depletion, hypo-phosphorylated Rec8 is not able to associate with chromatin (Figure
8A+B). To test whether this is also the case after Scc2 depletion, soluble and
chromatin fractions were collected from Rec8-HA3His6 or Rec8-HA3His6 + scc2i
vegetative cells. In contrast to the Scc3 depletion, some unphosphorylated Rec8 is

present in the chromatin fraction.
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Figure 16. The chromatin association of Scc3 and Rec8 is not Scc2 dependent.
IF was performed on high-detergent fixations of Scc3 or Rec8 at Oh or 24 h after
induction of scc2i. Scc2 localization is absent in the germline nuclei 24h after RNAI
induction whereas the localization of Scc3 and Rec8 is not affected by Scc2 depletion.
A. Scc2-HA3His6 and Scc3-mCherry + scc2i B. Scc2-HA3His6 and Rec8-mCherry +

scc2i. Scale bar equals 5 um. (Ali et al., 2018)
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Figure 17. The overall protein level of Scc3 and Rec8 is not dependent on Scc2
but Rec8 phosphorylation requires Scc2.

A-C Total cell extracts for each sample were collected at the indicated time points after
RNAI induction. a-tubulin was used as loading control. A. Vegetative cells of Scc2-
HA3His6 + scc2i show complete depletion of Scc2 at the 24h time point. B. Scc2
depletion in Scc3-mCherry cells does not change the protein level of Scc3.

* indicates a non-specific band. C. Scc2 depletion results in the loss of the
phosphorylated form of Rec8. D. Vegetative cells of Rec8-HA3His6 or Rec8-
HA3His6+scc2i with RNAI induction for 24h were used for cellular fractionation. After
Scc2 depletion, Rec8 is detected in both the soluble and chromatin fractions. W: whole
cell lysate, S: soluble fraction, C: chromatin fraction (Ali et al., 2018).
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The chromatin association of Scc2 depends on cohesin

Although cohesin association with chromatin persists in the absence of Scc2, the
physical association of Scc2 with cohesin suggests some functional connection. In
budding yeast, it has been shown that cohesin is required for the centromeric
association of the Scc2/Scc4 loader complex (Fernius et al., 2013). In addition, the
interaction of Scc2 with chromatin-bound cohesin has been suggested based on
FRAP and single-molecule tracking experiments (Rhodes et al., 2017a). To
investigate the dependence of Scc2 chromatin localization on cohesin, cells co-
expressing both Scc2-HA3His6 and Rec8-mCherry were transformed with Scc3 RNA..
Since complete depletion of Scc3 can be achieved 24h after RNAI induction, RNAI
was induced for 24h before mating with WT cells, which also results in loss of cohesin
in the germline. In the control experiment, WT cells were mated with cells co-
expressing Scc2-HA3His6 and Rec8-mCherry. As shown in the lower panel of Figure
18, both Scc2 and Rec8 are localized in the germline nucleus of the control sample.
As shown previously in Figure 7B, the chromatin association of Rec8 depends on
Scc3. Depletion of Scc3 eliminated the germline localization of both Rec8 and Scc2,

indicating that Scc2 localization depends on the presence of chromatin bound cohesin

(Ali et al., 2018).
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Figure 18. Rec8 and Scc2 are absent from the germline nucleus after Scc3
depletion.

Cells expressing Scc2-HA3His6 and Rec8-mCherry induced 24h for scc3i (upper
panel) or without RNAI (lower panel) were mated with WT cells and immunostained
for Scc2 (green), Rec8 (red) and DAPI. The germline localization of both Scc2 and
Rec8 is observed in control cells but not in the scc3i cells. Boxes designate the
enlarged areas, * marks the somatic nucleus of WT cells expressing an HA tagged
protein specific to somatic nucleus (Cpdt2-HA), which were used to enable distinction
of WT and scc3i cells (Howard-Till and Loidl, 2018). Scale bar equals 5 um. (Ali et al.,
2018)

Cohesion is slightly reduced in the absence of Scc2

Vegetatively growing cells lacking Scc2 show chromosome segregation problems,
which suggests that although Scc2 is not apparently required for the chromatin
association of cohesin, it might still be important for cohesion. Cohesion is difficult to
assess in vegetative cells due to the small size and highly condensed chromatin of the
germline nucleus. However, meiotic cohesion can be determined by counting FISH
(Fluorescence in situ hybridization) signals of fully elongated germline nuclei (Howard-
Till et al.,, 2013). FISH signals that appear as 1 dot represents paired homologs,
whereas 2 dots represent the unpaired homologous loci, with cohesed sister
chromatids. The presence of 3 or 4 dots represents the separation of sister chromatids
(Howard-Till et al., 2013; Loidl, 2004). Four independent experiments were used to
evaluate cohesion in matings of WT cells, uninduced and induced scc2i cells. Western
blot analysis indicated that Scc2 was completely depleted in RNAI induced cells. 10%
of WT cells have 3 or 4 dots; 16% of uninduced scc2i cells, and 26% of induced scc2i
cells show loss of cohesion. A Mann-Whitney test shows a statistically significant
difference (p = .0286) between WT and RNAI induced cells, whereas the difference
between induced and uninduced RNA. cells is not significant (Ali et al., 2018). Although
the depletion of Scc2 appears complete by western blotting, the cells might retain a
small amount of the protein that allows some cohesion, and uninduced RNAi can be
slightly leaky, causing a minor phenotype and thus reducing the difference between

uninduced and induced cells.
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Figure 19. Cohesion defects can be observed after Scc2 depletion.

A. FISH signals were counted in the elongated germline nuclei of different mating
strains; WT cells, uninduced or induced Scc2 RNAI cells. The graph shows the
percentage of nuclei with 3 or 4 signals; data is from four independent experiments,
with 100 cells counted for each. B. Western blot analysis of the protein level of Scc2
in three different experiments used in the graph. C. Examples of FISH spots used for
the evaluation. (Ali et al., 2018)
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Chapter 3. Post-translational modifications of the
Tetrahymena cohesin complex

MS analysis of IPs conducted with various cohesin subunits did not reveal any
conserved or Tetrahymena-specific interacting proteins involved in cohesin function,
such as Wapl, Eco1, and Pds5 (Howard-Till et al., 2013; Ali et al., 2018). The intriguing
question, then, is how a single complex is able to perform in different nuclear
processes. The distinct regulation of cohesion in meiotic chromosome segregation
was of particular interest, as most organisms employ a meiosis specific complex for
this specialized cell division. In the absence of such a specialized complex, we
reasoned that unique post-translational modifications might be employed to

differentially regulate a single cohesin complex.

Mass spectrometry analysis revealed multiple post-translational
modification sites in cohesin subunits

To identify specific post-translational modifications on the cohesin complex at
particular stages of Tetrahymena’s life cycle, MS analysis was performed for IP
samples of Rec8-HA3His6. The samples were collected from four different stages (two
biological replicates each): vegetative growth, starvation, and 4h and 6h after the
initiation of mating. Vegetative growing cells are unsynchronized, but in two repeats of
the experiments 17% and 20% of cells in the vegetative sample were undergoing
mitosis, whereas starved cells were arrested in G2. Therefore, any differences in post-
translational modifications found between these samples would identify mitosis
specific vs G2 stage-specific cohesin modifications. In addition, two timepoints were
selected from mating cells. At 4h, 82% and 70% of cells in two repeats of the
experiments were in meiotic prophase, where centromere and telomere clustering,
chromosome pairing, DSB induction and repair occur (Mochizuki et al., 2008;
Lukaszewicz et al., 2010; Howard-Till et al., 2011; Loidl et al., 2012). At 6h, 66% and
78% of cells in two experiments were at the post-meiotic stage in which selected
germline nuclei undergo mitosis (Cole and Sugai, 2012). Therefore, any difference
between 4h and 6h timepoints should differentiate meiosis from mitosis specific

cohesin modifications.
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The post-translational modifications were identified in Rec8, Smc1, Smc3, and Scc3.
The localization of PTMs in Rec8 were distributed throughout the entire protein
sequence with some clustering in the central non-conserved region. Multiple
alignments of Smc1 and Smc3 show the presence of more conserved residues at the
hinge and NBD containing head domains than the regions forming coiled-coils
(Appendix 1+2). Most of the identified modifications in Smc1 and Smc3 were detected
at the coiled-coil regions and the head domains. The homology of the Scc3 subunit to
that of other species is restricted to the conserved STAG domain (Howard-Till et al.,
2013). All modifications detected in Scc3 are located in non-conserved parts of the

protein (Figure 20).

372 550 620aa
Smc1
NBD Hinge NBD
175 497 697 1158 1296aa
ﬂ ﬁ 9 Smc3
NBD Hinge NBD
172 490 673 1026 1288aa

: Scc3

1250aa

Phosphorylation @ Methylation & SUMOylation A Acetylation

v Putative cleavage site of separase

Figure 20. Schematic representation of post-translational modifications of
cohesin subunits.

Post-translationally modified sites identified by MS of different IP samples are shown
for all cohesin subunits. The orange boxes indicate conserved regions in Scc3 and
Rec8 (30-130aa and 579-607aa) (Howard-Till et al., 2013). The separase recognition
sites were predicted by the presence of D/EXXR consensus motif where X is any
residue (Winter et al., 2015). The positions of the nucleotide binding domain (NBD)
and hinge domains were estimated based on their location in the human Smc1a and
Smc3 (Hons et al., 2016).
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All cohesin subunits are known to be phosphorylated and the modification of specific
residues could be important for the function of the complex in distinct cellular
processes. Mass spectrometry analysis (MS) revealed 15 sites in Rec8, 12 sites in
Smc1, 3 sites in Smc3, and 5 sites in Scc3 to be phosphorylated (Table 2). Although
the alignment of the protein sequences showed that some of the identified residues
are present in the corresponding subunits of the other organisms, the phosphorylation
of these residues in these species has not been reported (Appendix 1-5). Most of the
sites identified in this study are Tetrahymena specific.

Among the modified sites, only few were detected at a particular cell stage in both
biological repeats. For instance, S162 in Rec8 and S960 and S974 in Smc1 were
modified at all stages in both experiments whereas the other residues were detected
either only by one experiment or by both experiments but at different stages. This
makes it difficult to assign a particular modification to a distinct cell stage. A time
course with more time points and several replicates can increase the confidence of
the identified modifications and their significance at particular stage.

The phosphorylation of budding yeast Mcd1 (the mitosis specific a-kleisin) at serine
83 has been shown to be essential for DNA damage induced cohesion in G2/M stage
cells (Heidinger-Pauli et al., 2008). Although this serine residue is conserved in
Tetrahymena Rec8, its phosphorylation was not detected in current experiments. In
addition to the a-kleisin phosphorylation, DNA damage dependent phosphorylation
has been observed to occur at S957 and S966 in mammalian Smc1 and S1083 in
mammalian Smc3 (Kim et al.,, 2002; Yazdi et al., 2002). Although the multiple
alignments of Smc1 and Smc3 show that these residues are not conserved, the
location of S957 and S966 of Smc1 matches with the region containing multiple
phosphorylated sites in Tetrahymena Smc1 (Figure 21).

Previous to this work, a preliminary quantitative phosphoproteomic study performed
by a collaborator identified a decrease in phosphorylation of Rec8 S164 in spo11
knockout cells compared to WT Tetrahymena cells (unpublished data, Miao Tian).
This result was intriguing, as it presented the possibility that S164p was a stage
specific modification made in response to DSBs. However, the present combined MS
data of both replicates show similar intensity but low percentage of
modified/unmodified peptides at vegetative, meiotic prophase, and post-meiotic

stages. In addition, the phosphorylation of S162 was also identified at all stages. We
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attempted to generate a phospho-specific antibody recognizing phosphorylated S162

and S164. However, the antibody was not specific.

942 ) ) 985aa
Consensus PIEIS G S X 1D DD PDGPHT S ENENIE®AR E

Identity e —— - =

gt K-NNKAQNES‘SKSKSQSSQQM
c
Sp -T
At
Ce
Dm
Hs

MU TmT™T™
llllll
[¥a] -~ A
mxwmmam
alalalalefal. |
m—|mm)m—1

a
s_p

Figure 21. Multiple alignment of Smc1

The alignment was generated with Geneious software (Ali et al., 2018; Edgar, 2004;
Kearse et al., 2012). ™’ indicates the location of S957 and S966 in human Smc1a,
whereas ‘s’ indicates phosphorylated Tetrahymena residues of Smc1. Tt:
Tetrahymena thermophila, Sc: Saccharomyces cerevisiae, Sp: Schizosaccharomyces
pombe, At. Arabidopsis thaliana, Ce: Caenorhabditis elegans, Dm: Drosophila

melanogaster, Hs: Homo sapiens.
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Table 2. Identified phosphorylation sites in cohesin subunits.

MS analysis was performed for immunoprecipitated Rec8-HA3His6. V: vegetative, S:
starved, 4h and 6h post-mixing. Percentage of modified over unmodified peptides,

intensity of peptides (+ < 20, ++ 20-25, +++ >25)

1t replicate 2"d replicate

V S 4h 6h V S 4h 6h
Rec8
295 21+ 4, ++ 3,++ 11,++
32g 5,++
1629 0,+ 0,+ 0,++ 0,++ 5,++ NA,+++ 3 ++ 5,++
164g 0/+ 0,++ 1,++ 1,++ 2,++
169g 0,++ 1,++ NA,+++ NA,++ NA,++
71T 1,++ 1,++ 1,++
194g 4.++ 3,++ 3,++
2083 29,++ 13,++ 12,4+ 17, ++
282g 2+
307g 4, ++ 16,+++ 0,++ 1,++ 2,++
308g 1,+ 0,++ 3,4++ 2,+++ 3,++ 7,++ 7,++
333T 1,+ 2,++ 1,+ 0,++ 9,++
354g 1,++ 3,++
3555 4.++ 5,+++ 7,4++ 4 +++ 2,++
5295 2,++ 7,4+ 17,++
Smc1
1919 0,++ 0,++
1938 0,+ 0,+ 0,++ 0,++
9428 NA,++
9433 11,+ 16,+ 314, +++ NA,++ NA,++
9535 1,+ 1,+ 2,++ 2,++
960g 6,++ 1,++ 6,++ 5,+++ 3,++ 3,++ 3,++ 6,++
%28 67,++ 88,++ 38+ 146,++ 116,++
964g 3,++ 2 +++ 1,++
9665 1,++ 2, +++ 1,++ 2,++ 1,++
9%67g 1,++ 1,++
974g 1,++ 2,++ 2,++ 2, +++ 16,+++ 29+++ 24 +++ 15+++
10009 0,+ 15,+++ 0.+ 29 +++ 2 ++
Smc3
155G 0,++ 0,++ 0,++
200g 0,+ 1,++ 0,++
949g 0,++ 0,++ 0,++ 0,++
Scc3
218 27++
829g 8,++ 21,++ 2,++
8335 0,++ 3,++
8379 2,++
1128g
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In addition to phosphorylation sites, methylated residues in various cohesin subunits
were also identified (Table 3). One lysine (K309) in Rec8, four lysines (K37, K67,
K207, K1182) and one arginine (R1282) in Smc1, and two lysines (K669 and K1002)
in Smc3 were detected to be methylated in all different stages. On the other hand, the
methylation of lysine (K18) and arginine (R139) in Smc3 was absent in starved cells.
Methylation of lysine (K727) in Scc3 was detected only in samples from starved and
6h mating cells with high intensity but low percentage of modified/unmodified peptides.
When modified sites were inspected for conservation, lysine 37 in Smc1 and arginine
139 in Smc3 were found to be conserved but not known to be methylated in other
species (Figure 22A+B). Both residues are located at the head domains which contain
more conserved residues than the coiled coil regions of the Smc proteins (Appendix
1+2). A recent study in fission yeast showed that residues K536 and K1200 of Psm1
(Smc1 homolog), located at the hinge and head domains respectively, are methylated
during meiotic prophase, and mutation of these sites leads to sensitivity to DNA
damage (Sanyal et al., 2018). The protein alignment of Smc1 shows that these sites
are not conserved in Tetrahymena. However, methylation of a residue located at the
hinge domain of Smc1 (K207) was detected to be present in all samples with high

intensity, which makes it a candidate for further studies.
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Table 3. Identified methylation sites in cohesin subunits.

MS was performed for immunoprecipitated Rec8-HA3His6. V: vegetative, S: starved,
4h and 6h post-mixing. Percentage of modified over unmodified peptides, intensity of
peptides (+ < 20, ++ 20-25, +++ >25)

15t replicate 2"d replicate

V S 4h 6h V S 4h 6h
Rec8
309K 0,++ 0,++ 0,++ 0,+
Smc1
7K 47 ++ 22++ 36,++ 36,++
67K NA,++ 9 ++ NA,++ 23,++
207K 17,++ 41,4+  262,+++ 176,+++ 29 ++ 52 ++ 75++ 31 ++
182K 0,++ 0,++ 0,++ 0,++ 97 ,++ 724+ 99 +++ 81,++
1282R 0,++ 0,++ 2,++ 1,++
Smc3
18K 50,+ NA,+ 84,++
139R 8,++ 14,++ 14,++
669K 46,++ 28,++ A7 ++ 45++

1002K NA,++ NA++ NA++ NA++ 0+ 0,+ 0,+ 0,+
Scc3
721K 5,+++ 6,+++

The acetylation of highly conserved lysines (K112 and K113 in yeast, K105 and K106
in human) close to the ATPase domain of Smc3 is known to be essential for the
establishment of cohesion during DNA replication (Beckouét et al., 2010; Ben-Shahar
et al., 2008; Rowland et al., 2009; Zhang et al., 2008). The alignment of Smc3 protein
sequences revealed that these two sites are not conserved in Tetrahymena. However,
Tetrahymena specific acetylation of lysine 32, located at the NBD domain, was
identified to be present with same intensity at different cell stages. Mutation of this

residue will be important to uncover the role of this modification in cohesin function.
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Table 4. Identified acetylation and SUMOylation sites in Smc3.

MS analysis was performed for immunoprecipitated Rec8-HA3His6. V: vegetative, S:
starved, 4h and 6h post-mixing. Percentage of modified over unmodified peptides,
intensity of peptides (+ < 20, ++ 20-25, +++ >25))

15t replicate 2"d replicate
\% S 4h 6h \% S 4h 6h
Acetylati
on
32K NA,++ NA++ NA++ NA++
SUMOyla
tion
K NA,++ NA++ NA++ NA ++
943K 1+
26 Smc1 52aa
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Figure 22. Conserved methylation and SUMOylation sites in Smc1 and Smc3.
The alignment was generated with Geneious software (Ali et al., 2018; Edgar, 2004;
Kearse et al., 2012). ‘¢’ indicates methylation sites and ‘¢’ indicates SUMOylation
site. Tt. Tetrahymena thermophila, Sc: Saccharomyces cerevisiae, Sp:
Schizosaccharomyces pombe, At. Arabidopsis thaliana, Ce: Caenorhabditis elegans,
Dm: Drosophila melanogaster, Hs: Homo sapiens.
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MS analysis revealed SUMO-SUMO branched peptides on two residues, lysine 4 and
lysine 943 in Smc3. SUMO of K4 shows same intensity in all different stages. A
multiple alignment of the Smc3 protein sequence revealed that this site is conserved
(Figure 22C). However, there is no information regarding the modification of this
residue in other organisms. In addition, SUMO on K943 was identified only in the 4h
sample. Although the alignment of Smc3 shows that this residue is also present in
A.thaliana and S. pombe, there is no data about its SUMOylation in these organisms.
The IP protocol used in this experiment was not specifically designed to enrich for or
detect SUMOylation, therefore a more optimized protocol may be able to detect
additional SUMOylated residues. Additional experiments to address the functional

importance of cohesin’s SUMOylation in Tetrahymena are discussed below.

Cohesin association with chromatin decreases in the absence of cohesin
SUMOylation

In addition to the bulk of Rec8 protein which migrates at about 90 kDa, we occasionally
observed additional, slower migrating forms (Figure 23B), which we hypothesized
could be SUMOylated. Moreover, immunoblotting Rec8-HA3His6 IP samples with an
anti-SUMO antibody revealed a higher molecular weight band that could correspond
to either modified Rec8 or another cohesin subunit pulled down with Rec8 (Figure
23A). Based on the MS analysis (see Table 4), this band could represent Smc3
because K4 and K943 of Smc3 were identified to be SUMOylated (Figure 22C). In
order to further investigate the role of SUMOylation in cohesin function, we used an
approach developed by Almedawar et.al to reduce SUMOylation of cohesin. In short,
the method is based on fusing the catalytic domain of the Ulp1 SUMO protease to
Rec8 (Almedawar et al., 2012). They showed that the cohesin complex was efficiently
deSUMOylated without disrupting the complex formation and its association with
chromatin (Almedawar et al., 2012).

The ULP1 gene (TTHERM_00348200) has been annotated in the Tetrahymena
genome. Multiple alignment of protein sequences from different organisms showed
the presence of conserved residues at the C-terminal end of Tetrahymena Ulp1
(Appendix 6). Therefore, the last 231 amino acids (301-531aa) of Ulp1 were used as

the Ulp1 catalytic domain (UD). In order to obtain a catalytically inactive UD, the
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conserved cysteine (483) was mutated to serine. The UD domains were fused to the
C-terminal end of the full length Rec8 with the HA3His6 tag as a linker.
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Figure 23. Rec8 protein level decreases when deSUMOylated
A-B. Western blotting of Rec8-HA3His6 IPs at different time points. The membrane

was probed with anti-SUMO (A) and anti-Rec8 (B) antibodies. V: vegetative, S: starve,
WT: wild-type, 3-6 h: time points after initiating mating. C. Schematic representation
of constructs used for the SUMOylation experiments. UD: Ulp1 catalytic domain,
UD483: 483 (C) was replaced with (S) to eliminate the catalytic activity. D. The protein
level of Rec8 is lower in the presence of an active Ulp1 catalytic domain. Whole cell
lysates were collected from vegetative cells expressing corresponding constructs and
probed with anti-HA and anti-tubulin antibodies. E. SUMOylation was not detected in
Rec8-HA3His6-UD and was restored in the Rec8-HA3His6-UD*83. All samples were
collected at 4h after initiating mating and immunoprecipitation was performed with HA
magnetic beads. The membrane was probed with anti-SUMO antibody followed by
stripping and probing with anti-HA antibody. F. Silver staining of IP samples from cells
expressing Rec8-HA3His6, Rec8-HA3His6-UD, Rec8-HA3His6-UD*® shows the
cohesin complex was pulled down with all Rec8 constructs. M indicates Protein
Standard, * indicates SUMOylated proteins.

Total cell lysates were collected from cells expressing Rec8-HA3His6, Rec8-HA3His6-
UD, or Rec8-HA3His6-UD*® (Figure 23D). The amount of Rec8-HA3His6-UD was
less than the amount of Rec8-HA3His6 and Rec8-HA3His6-UD*83. The presence of
abundant Rec8 in the Rec8-HA3His6-UD*® suggests that the mere fusion of an
additional domain to Rec8 is not the cause of the decrease in Rec8 abundance. On
the contrary, these results imply the protein level of Rec8 decreases as a result of its
deSUMOylation. Since the immunoblots probed with SUMO antibody had multiple
unspecific bands (data not shown), IPs were performed from equal amounts of starting
cultures of cells. The IP sample from Rec8-HA3His6-UD*83 shows additional bands on
the HA probed blot, and an increase in the abundance of the SUMOylated form (Figure
23E). It was previously suggested that hyperSUMOylation might be due to the binding
of the inactive UD to the SUMO substrate, preventing its deSUMOylation by the
endogenous Ulp1 enzymes (Almedawar et al., 2012). SUMO signal could not be
detected for Rec8-HA3His6-UD. This could be due to a combination of the low amount
of Rec8 as well as deSUMOylation. Silver staining of the same IP samples revealed
similar band pattern at 135-190kDa for all samples. The weak band pattern for Rec8-
HA3His6-UD suggests that it was able to pull down the rest of the cohesin complex
and the cohesin complex was formed in the presence of UD domain (Figure 23F).

Rec8 is normally localized in the germline nucleus both during vegetative growth and
conjugation (Ali et al., 2018; Howard-Till et al., 2013). Rec8-HA3His6-UD was

detected in the germline nuclei of vegetative cells, but was barely detectable in
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prophase cells and was completely absent at metaphase (Figure 24C,D). A similar
meiotic pattern was seen in samples fixed with a high-detergent method, which
suggested that Rec8-HA3His6-UD was able to bind to chromosomes during early
stages of conjugation but could not be maintained or loaded at later stages. Moreover,
the cells were not able to proceed through metaphase stage and the chromosomes
were not condensed. Cells expressing catalytically inactive UD had Rec8 localized in
the germline nuclei, and they were able to complete meiosis (Figure 24E).
Immunofluorescence with an antibody against Dmc1/Rad51 suggested the presence
of unrepaired DSBs only in Rec8-HA3His6-UD cells. This observation is similar to the
phenotype detected in the cells depleted of Rec8 and Scc3, in which DSB repair is
defective (Ali et al., 2018; Howard-Till et al., 2013). Therefore, the phenotype of Rec8-
HA3His6-UD might be due to the reduced amount of cohesin bound to chromosomes,
as DSB repair is extremely sensitive to the levels of cohesin (Heidinger-Pauli et al.,
2010). It seems likely that de-SUMOylation reduces the stability of the Rec8 protein or
the cohesin complex in general, thus reducing overall levels of cohesin on the

chromosomes.

To test the cytological localization of SUMO at different stages of Tetrahymena life
cycle, cells were fixed and stained with anti-SUMO antibody. Consistent with the
previous observations, SUMO signal could be detected in the somatic nucleus (Nasir
et al., 2015). In addition, a strong signal for SUMO was observed at one end of the
crescent shaped germline nucleus during meiotic prophase. In this stage, centromeres
are clustered at the one end and telomeres at the other end of the elongated germline
nucleus (Loidl et al., 2012). To test which end shows the SUMOylation signal, mating
cells expressing Ndc80-HA, a component of the kinetochore complex, were fixed and
stained with antibodies against HA and SUMO. The signals for Ndc80 and SUMO
were detected at opposite ends of the elongated nucleus, suggesting that the SUMO
signal is corresponding to the telomere end of the crescent. The signal was reduced
in cells expressing UD fused Rec8 (Figure 26B). However, the signal was restored in
cells expressing the mutant form of UD (Figure 26C). In addition, cells expressing the
catalytically dead UD fusion appear to have an increased amount of Rec8 at the
telomeres (Figure 24E). These results suggest that SUMOylated cohesin accumulates
preferentially at telomeres, and that hyperSUMOylation of cohesin, as occurs in the

Rec8-UD*® cells, may drive additional binding.
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Figure 24. DeSUMOylation of cohesin reduces Rec8 localization in the germline
nucleus.
A,B. Rec8-HA3His6 shows germline localization at different stages of Tetrahymena’s

life cycle. C,D. Rec8-HA3His6-UD localization is detected in vegetative cells. Once
cells enter meiosis the Rec8 signal is almost absent (arrows) and cells arrest in
metaphase. E,F. Rec8-HA3His6-UD localization in the germline can be detected both
during vegetative growth and mating. Mating cells were fixed with either formaldehyde
(A,C,E) or high detergent method (B,D,F). * indicates the abundant Rec8 at the end of
elongated nucleus. Scale bars equal 5 um.

A Prophase Metaphase B Prophase Metaphase
)

£ 2

= %

x i

(]

2] x

5 a

< D

z 2

3 g

o

C Prophase Metaphase

|_

=

X

Ja)

=

[o0]

[&]

[0}

e

Figure 25. Cells expressing Rec8-UD show increased Dmc1/Rad51 foci at
metaphase.

Mating of wild-type cells with A. Rec8-HA3His6 B. Rec8-HA3His6-UD, C. Rec8-
HA3His6-UD*3. All matings were fixed with high detergent method and stained with
anti-Dmc1/Rad51 antibody. A. In the presence of WT Rec8, signal is detected during
prophase and disappears once cells enter the metaphase stage. B. Dmc1/Rad51 foci
persist in the absence of cohesin SUMOylation, suggesting the presence of
unrepaired DSBs. C. Abolishing the Ulp1 catalytic activity is sufficient to restore DSB
repair. Scale bar equals 5 um.
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Figure 26. Strong SUMO signal is detected at the telomere end of the elongated
germline nucleus

A. Mating Ndc80-HA cells were stained with both anti-HA and anti-SUMO antibody.
Ndc80 signal is present at one end whereas the SUMO signal is present at the other
end of elongated germline nucleus. B-C. Mating cells expressing Rec8-HA3His6-UD,
Rec8-HA3His6-UD*83 were stained with anti-SUMO antibody. The decreased SUMO
signal in Rec8-UD was restored in Rec8-HA3His6-UD*® cells. All samples were
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collected 4h after the initiation of mating. Filled arrowheads point to the SUMO signal
and line arrows point to the Ndc80 signal. Scale bars equal 5 um.

61



Discussion

Tetrahymena uses a minimal cohesin apparatus

The ability of cohesin to function in different contexts depends largely on
proteins such as Wapl, Eco1, and Pds5. Additionally, many organisms encode for
multiple forms of cohesin subunits. Mammals, for instance, have mitosis-specific
SMC1a, RAD21, SA1/STAG1, SA2/STAG2, and meiosis-specific SMC1p,
SA3/STAG3, RAD21L and RECS8 subunits (Rankin, 2015). The combination of
different subunits increases the number of complexes which could be involved in
specific functions of cohesin.

Just a single homolog of each cohesin subunit has been previously identified
in Tetrahymena and the only additional protein known to be involved in cohesin
function was separase, which was shown to be required for chromosome segregation
(Howard-Till et al., 2013; Ali et al., 2018). In an attempt to identify additional proteins
implicated in cohesin function, such as Wapl, Eco1, Pds5, and Scc4, multiple IP
experiments of different cohesin subunits were analyzed with MS. Unfortunately, this
approach did not reveal any other interactions with conserved or Tetrahymena specific
proteins, further confirming the existence of a minimal cohesin complex which is
sufficient for functions in both mitosis and meiosis. The intriguing question is why
Tetrahymena uses such a minimal cohesin apparatus. Several features of
Tetrahymena biology may suggest some answers.

One feature of Tetrahymena is its nuclear dualism. The transmission of genetic
information and gene transcription take place in separate germline and somatic nuclei,
respectively. Cohesin localizes only in the germline nucleus, but not in the
transcriptionally active somatic nucleus (Howard-Till et al., 2013; Ali et al., 2018).
Although the namesake activity of cohesin is to cohese, or hold together sister
chromatids, another function of the complex in interphase nuclei has proven to be no
less important for the viability of an organism: Numerous studies of various
developmental disorders have identified mutations that interfere with the proper
function of cohesin in gene expression and genome organization (Mazumdar and
Maijeti, 2017). The role of cohesin in gene transcription has been shown to be through
mediating long-range interactions between gene regulatory elements (Faure et al.,
2012; Kagey et al., 2010; Seitan et al., 2011). In addition, Hi-C studies have revealed

the organization of interphase chromosomes into topologically associating domains
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(TADs), which also affect gene expression by constraining the interaction of
enhancers and promoters within the TADs (Dixon et al., 2015; Dowen et al., 2014).
TADs are chromosomal units in which loci within the domain are more likely to interact
with each other than with loci outside the domain. At the boundaries of TADs, both
cohesin and insulator CTCF (CCCTC-binding factor) are enriched (Dixon et al., 2016;
Rao et al., 2017) and TAD structures are lost in cohesin depleted cells (Gassler et al.,
2017; Schwarzer et al., 2017). TAD lengths range from a few to several hundred
kilobases (Van Bortle et al., 2014; Zhan et al., 2017). Given the fact that the size of
chromosomes in the somatic nucleus of Tetrahymena range from 20 kb to 3 Mb with
average size of 385 kb (Altschuler and Yao, 1985; Conover and Brunk, 1986; Hamilton
et al., 2016), the regulation of intra-chromosomal long-range interactions may not be
as critical as for other organisms.

Another peculiarity of Tetrahymena resides in its cell cycle, and how it transits
between mitotic and meiotic divisions. During the mitotic cell cycle, there is a very
quick transition from chromosome segregation to DNA replication, which occurs in
telophase of mitosis (Doerder and Debault, 1975; Cole and Sugai, 2012). Therefore,
the germline nuclei of vegetative cells are mostly at G2. In the absence of nutrients,
the cells will enter the sexual reproduction program and the G2 nuclei can undergo
meiosis. In this case, the DNA is already replicated, and since cohesin is generally
loaded during replication, there may be little opportunity to replace a mitotic cohesin
with a meiotic cohesin. It is tempting to speculate that instead loading of new cohesins
with different subunit compositions, unique combinations of PTMs on chromatin bound
cohesin may provide a faster way to regulate the function of the complex in different

contexts.

Conservation of cohesin functions in Tetrahymena

Cohesin is primarily known for its essential role in chromosome segregation. Errors in
the segregation can result in aneuploidy, which is a predisposition of cancer and
maternal age related birth defects. The reduction of cohesin in aged oocytes results
in weak centromere cohesion and incorrect attachment of sister chromatids (merotelic
attachment) which leads to lagging chromosomes during meiosis | (Chiang et al.,
2010; Lister et al.,, 2010). In addition, it has been observed that separase
overexpression in mouse mammary epithelial cells leads to tumor formation and

aneuploidy with premature sister chromatid separation, lagging chromosomes, and
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anaphase bridges (Zhang et al., 2008). In Tetrahymena, anaphase segregation
defects occur in Smc1 and Scc3 depleted germline nuclei of vegetative cells (Howard-
Till et al., 2013; Ali et al., 2018). The segregation defect is even stronger in Scc2
depleted cells, and is manifested by lagging chromosomes and anaphase bridges.
Lagging chromosomes might be formed as a result of loss of centromeric cohesin and
merotelic attachment of the chromatids. The anaphase bridges, on the other hand,
may result from incorrect DNA damage repair between different chromosomes and
telomere end fusion (Lo et al., 2002; Tusell et al., 2008). In mammalian cells,
anaphase bridges form either a micronucleus or a protrusion next to the chromosome
mass after the completion of the mitotic division (Pampalona et al., 2016). Since
centromere staining by Cna1 was weak, it was not possible to distinguish between
these segregation errors. The germline nuclei appear to have roughly equal size after
the mitotic division in Smc1, Scc3, and Scc2 RNAI cells suggesting that the incidence
of nondisjunction is low. The mild phenotype might be due to incomplete RNAI
depletion which results in the retention of a small amount of protein sufficient for the
division. Alternatively, the catenation between sister chromatids might provide some
cohesion and allow normal chromosome segregation (Farcas et al., 2011; Guacci and
Koshland, 2012).

Another function of cohesin that is likely conserved in Tetrahymena is its activity
in DNA damage repair. However, because this function has not been explored in

vegetative cells, it will be discussed below in the context of meiotic DSB repair.

The role of cohesin in DSB repair during meiotic prophase

Depletion of Rec8 and Smc1 in Tetrahymena results in a failure to repair meiotic
DSBs, and similar phenotypes are observed after the knockdown of Scc3 and Scc2
(Howard-Till et al., 2013; Ali et al., 2018). In mitosis, de novo cohesin loading provides
close connection between sister chromatids in the post-replicative damage repair
(Covo et al., 2010; Sjogren and Nasmyth, 2001; Strom et al., 2004; Unal et al., 2007).
In meiotic prophase, the repair of programmed DSBs occurs in the context of the
chromosome axis structure. The chromosome axis is composed of various proteins,
including meiosis specific cohesin, which form a base that connects the linear arrays
of chromatin loops (Kleckner, 2006; Klein et al., 1999). The proteins involved in
recombination associate with the chromosome axis and the DNA in the loops destined

for recombination is tethered to the axis (Blat et al., 2002; Kleckner, 2006; Panizza et
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al., 2011). Recombination between homologous chromosomes rather than between
sister chromatids is promoted by the loss of cohesion and local separation at CO sites
(Eijpe et al., 2003; Kim et al., 2010; Storlazzi et al., 2008). The canonical axial
elements and formation of SC have not been identified in Tetrahymena (Loidl, 2006;
Lorenz, 2004). However, thread-like structures have been observed for proteins
involved in recombination suggesting the existence of a meiotic chromosome axis
structure (Shodhan et al., 2017).

Recombination and the formation of axial elements are defective in yeast cells
depleted of Rec8 (Brar et al., 2009; Klein et al., 1999). Similarly, DSBs are formed but
not repaired in scc3i and scc2i cells. Although the observed phenotype in scc3i cells
might be due to the lack of chromatin-associated cohesin, this is unlikely to be the
case for scc2i cells, in which cohesin still interacts with chromatin. Moreover, the de
novo loading of Rec8 and Scc2 during meiotic prophase is not DSB dependent
(Spo11), therefore it is unlikely that cohesin is loaded in response to DSB formation.
In mammalian cells, the loading of meiosis specific cohesin complexes during meiotic
prophase regulates both the formation and organization of the loop/axis structure
(Eijpe et al., 2003; Novak et al., 2008). In fission yeast, which does not assemble an
SC, the formation of LinEs (linear elements) and meiotic recombination are dependent
on Rec8 and the phosphorylation of Rec11/SA3 (Lorenz, 2004; Ding et al., 2016;
Sakuno and Watanabe, 2015). Similarly, cohesin might be involved in chromosome
axis formation or similar chromosome organization that is crucial for chromosome
pairing and recombination in Tetrahymena.

The loop formation during interphase depends on cohesin (Gassler et al., 2017;
Wutz et al., 2017). The loop extrusion model has been proposed to explain how
cohesin is involved in TAD formation (Merkenschlager and Nora, 2016; Parelho et al.,
2008; Wendt et al., 2008). The model proposes that cohesin extrudes DNA until it
encounters a CTCF barrier (Fudenberg et al., 2016; Rao et al., 2014). The formation
of larger chromatin loops has been suggested to occur as a result of a longer
chromatin association time of cohesin in Wapl depleted cells (Haarhuis et al., 2017,
Tedeschi et al., 2013; Wutz et al., 2017). The chromatin localization of Scc2 is cohesin
dependent and highest during early prophase. It is tempting to speculate that Scc2
might interact with chromatin bound cohesin and stimulate its ATPase activity. Multiple
rounds of binding and ATPase stimulation might induce DNA extrusion and loop

formation (Rhodes et al., 2017). In this way, the chromosomes may be remodeled to
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support homologous recombination. This model would predict that chromatin bound
cohesin would be inactive without Scc2, which would inhibit axis formation and DSB

repair, and this appears to be the case in Tetrahymena.

The chromatin association of cohesin

Immunostaining and in vitro studies in other model systems have shown that Scc3 is
necessary for the association of cohesin with chromatin (Fukuda et al., 2014;
Murayama and Uhlmann, 2014; Pasierbek et al., 2003; Wang et al., 2003). In line with
these studies, knockdown of Tetrahymena Scc3 resulted in the loss of the germline
localization of Rec8 and Smc1 as well as the absence of Rec8 in the chromatin fraction
of protein extracts (Ali et al., 2018). In contrast, the overall protein levels of both Smc1
and Rec8 do not change in scc3i cells. Similarly the localization but not the expression
of Scc3 depends on Rec8. These results suggest that all subunits are interdependent
and essential for the chromatin association of cohesin. In many organisms, the loading
of cohesin on chromatin depends on its interaction with Scc2, which forms the loader
complex together with Scc4 (Ciosk et al., 2000; Lightfoot et al., 2011). In Tetrahymena,
however, the chromatin association of Rec8 and Scc3 does not strictly depend on
Scc2. Nevertheless, both mitotic and meiotic divisions are impaired in the absence of
Scc2. Similar to Scc3 depletion, knockdown of Scc2 does not have any effect on the
protein levels of other cohesin subunits, but does result in the loss of Rec8
phosphorylation.

The loss of chromatin association and phosphorylation of Rec8 in the Scc3
knockdown suggests that the phosphorylation is present on chromatin bound Rec8.
However, the ability of unphosphorylated Rec8 to bind to chromatin in the absence of
Scc2, implies that phosphorylated Rec8 may represent a subset of chromatin bound
cohesin pool with a specific function. For instance, similar to the DNA damage
dependent modification of the mitotic c-kleisin in budding yeast, phosphorylation might
represent the cohesive fraction of cohesin (Heidinger-Pauli et al., 2008, 2009). In
Tetrahymena, the activity of separase is required for sister chromatid separation,
implying the need for cleaving cohesin (Howard-Till et al., 2013). However, the
chromatin localization of Tetrahymena cohesin does not change after the onset of

anaphase in mitosis and meiosis. It may be that, similar to yeast, only a subset of

66



cohesin is involved in cohesion while the bulk of cohesin regulates chromosome
structure or is needed for subsequent divisions.

The question remains, how does cohesin bind to the chromatin? It has been
proposed that the budding yeast condensin is able to interact with DNA through the
interface formed between the kleisin and the HEAT repeat subunits (Kschonsak et al.,
2017; Piazza et al., 2014). This interaction is followed by ATP hydrolysis and
topological entrapment of DNA (Eeftens et al., 2017). The association of Tetrahymena
cohesin with DNA might be through its corresponding HEAT repeat Scc3 subunit
(Figure 27 a), as cohesin cannot bind DNA in the absence of Scc3. Alternatively, some
of the cohesin complexes may have topological but dynamic association by
continuously loading and dissociating from chromatin (Figure 27 b - e). Similar to
budding yeast, Scc2 may stimulate the ATPase activity and induce topological
entrapment and cohesion (Figure 29 f and h)(Petela et al., 2018). Additionally, Scc2
might be involved in the shaping of chromatin into the loops by stabilizing the cohesin
and promoting extrusion of chromatin. Although the function of Rec8 phosphorylation
is unknown, it may be required for (or a result of) stable topological binding or cohesion
(Figure 27).

Chromatin association Scc2 induced binding

Sister Chromatids
Phosphorylation ®™>» Scc3

Figure 27. Model for the role of Scc2 and Rec8 phosphorylation on the chromatin

interaction of cohesin.
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Cohesin could have different modes of association with chromatin: it might bind
through its HEAT repeat Scc3 (a) or it might topologically entrap a single chromatin
strand (e) or it can hold two strands of the same chromatin strand to form a loop (c).
Cohesin might have dynamic association by constant loading through hinge opening
(d) or release through Smc3-kleisin interface (b). The interaction of Scc2 with
chromatin bound cohesin might induce its ATPase activity and convert the complex to
cohesive form with both sister chromatids within a single ring (f and h) or it can promote

loop extrusion (g). Phosphorylation might stabilize cohesive interaction.

PTMs of cohesin subunits

Modification of specific residues on cohesin subunits are known to regulate cohesin
function. Since a minimal cohesin complex is sufficient for both mitosis and meiosis in
Tetrahymena, we hypothesized that differential regulation by PTMs may provide
specificity of function for different activities. MS analysis of IPs from different stages in
the life cycle resulted in identification of multiple PTMs, including phosphorylation,
acetylation, methylation, and SUMOylation on each cohesin subunit.

The post-translationally modified sites on Smc1 and Smc3 were detected not
only in the conserved NBD but also in the less conserved coiled coil domains and most
of the modified residues on Rec8 and Scc3 are located in non-conserved regions.
Most notable are the multiple phosphorylation sites at the coiled coil domain of Smc1.
A similar phosphorylation pattern has been previously detected on human Smc1a
(Hornbeck et al., 2015). This cluster is within the kinks/break regions that interrupt the
coiled coil of Smc1a (Hons et al.,, 2016). Two of these residues are known to be
phosphorylated by ATM in response to DNA damage (Kim et al., 2002; Yazdi et al.,
2002; Kitagawa, 2004). ATM has not been identified in Tefrahymena, instead ATR has
been shown to be involved in DNA damage response (Loidl and Mochizuki, 2009;
Yakisich et al., 2006) Considering that the ATM and ATR kinases recognize an SQ/TQ
motif (Kim et al., 1999), some of phosphorylation sites within the Tetrahymena Smc1
cluster may also be targets of ATR. It would be interesting to investigate the effect of
this phospho-cluster on DNA damage repair, or whether phosphorylation of these
residues is reduced or abolished upon chemical inhibition of ATR.

Although our initial experimental setup led to the identification of multiple PTMs,

further experiments are needed to understand the biological significance of these
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modifications and their involvement in cohesin regulation. The time points used in this
study represent only certain stages of meiosis and mitosis. Using a full meiotic time-
course would give a better view of the modifications at specific stages.
Synchronization of mitotic cells by elutriation could also be performed to better
understand the cohesin cycle in vegetative cells. In addition, the enrichment of
phosphopeptides prior to MS and quantification of relative phosphorylation of given
sites would increase the confidence of identified sites, and may provide better insight

into stage specific modifications.

The function of cohesin SUMOylation

In our MS experiments, we identified SUMOylation on a conserved residue on
Tetrahymena Smc3. To get a better understanding of the biological significance of
cohesin SUMOylation in Tetrahymena, we used a method developed by Almedawar
et.al in budding yeast (Almedawar et al., 2012). The method is based on the fusion of
the catalytic domain of Ulp1 (SUMO protease) to Rec8 (Rec8-UD). In contrast to the
results obtained in budding yeast (Almedawar et al., 2012), the protein level and
chromatin association of Rec8-UD is much less than for HA tagged Rec8. Mutation of
the catalytic cysteine of the UD domain (Rec8-UD*83) restores both protein level and
localization, suggesting that the fusion of the UD domain does not interfere with the
stability or function of Rec8. Silver staining of IP samples of Rec8-UD and control
constructs showed similar banding patterns between 135-190 kDa, suggesting that
some cohesin complex is able to form, therefore reduced stability seems likely. Similar
to the knockdown of different cohesin subunits, meiotic progression was arrested at a
metaphase-like stage and Rec8-UD cells show signs of unrepaired meiotic DSBs. This
phenotype is likely due to the reduced level of chromatin bound cohesin. Future
experiments to further identify and mutate the SUMOylated residues of cohesin will
give more insight into the function of this modification in Tetrahymena.

IF of SUMO at different stages of the Tetrahymena life cycle reveals a distinct
accumulation of SUMO signal at the telomeric end of the elongated germline nucleus
during meiotic prophase. Although we don’t have direct proof that the telomeric SUMO
signal is SUMOylated cohesin, we did see an increase of this signal in the Rec8-
UD483 cells, which show hyper-SUMOylation of Rec8. Conversely, we also see a
reduction of this signal in Rec8-UD cells, presumably due to the activity of small

amount of protein able to associate with chromatin. Therefore, it seems possible that
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this telomeric SUMO signal is either cohesin or a cohesin associated protein.
Explaining the significance of telomeric SUMOylation will require further experimental

approaches.

Summary and Outlook

Studying the function of cohesin in Tetrahymena thermophila revealed both
conserved and unique features of the complex with many intriguing questions to be
further explored. Tefrahymena uses a minimal cohesin complex consisting of Smc1,
Smc3, Rec8, and Scc3 to perform diverse functions during mitosis and meiosis. It does
not require Scc2 for loading to the chromatin. However, Scc2 requires cohesin for its
chromatin association. The question is how Scc2 is involved in cohesin function? Does
it have ATPase activity like its homologs in other organisms? How does Scc2
contribute to Rec8 phosphorylation? Are there unique PTM combinations on different
subunits that distinguish mitotic cohesin from meiotic? What is the importance of
telomere SUMOylation during meiotic prophase? The list of the questions can be
extended. We are just beginning to understand the role of cohesin in Tetrahymena,

and there are still many more questions than answers.
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Materials and Methods

Tetrahymena thermophila strains and growth conditions
WT strains B2086 (mating type Il), CU427 (mating type VI) , and CU428 (mating type

VII) were purchased from the Tetrahymena Stock Center, Cornell University

(https://tetrahymena.vet.cornell.edu). Cells were grown in Neffs medium at 30°C
(Orias et al., 2011). To initiate sexual reproduction, cells from different mating types
were starved in 10mM Tris-Cl (pH 7.4) before equal numbers of starved cells were

mixed.

Protein alignment

The protein sequences of different species were obtained from NCBI,
http://www.ncbi.nim.nih.gov (NCBI Resource Coordinators, 2012). Tetrahymena-
specific protein sequences were acquired from TGD, www.ciliate.org (Eisen et al.,
2006; Stover, 2006). The alignments were generated by Geneious software (11.0.4)
using the Muscle algorithm (3.8.425) (Edgar, 2004; Kearse et al., 2012).

Protein tagging

REC8-mCHERRY-NEO4, REC8-HA3HIS6-NEO4, SCC3-mCHERRY-NEO4, SCC3-
HA-NEOS5, and SCC2-HA3HIS6-PUR4, REC8-HA3HIS6-UD-NEOS constructs were
created as described previously (Kataoka et al., 2010; lwamoto et al., 2014; Akematsu
et al., 2017; Ali et al., 2018). In short, ~500 bp regions from both the C-terminal end

and the downstream UTR of the gene of interest were amplified by PCR. The
fragments were combined with NEO4, NEOS5 or PUR4 cassettes (gifts from Dr.
Kazufumi Mochizuki, CNRS, Montpellier, France and Dr. Takahiko Akematsu, MFPL,
Vienna, Austria) by Gibson assembly (NEBuilder HiFIDNA assembly master mix, New
England BioLabs). REC8-HA3HIS6-UD*3-NEO5 construct was created by site-
directed mutagenesis (Thermo Scientific, F-541).

All constructs were linearized and transformed into Tefrahymena cells by biolistic
transformation (Cassidy-Hanley et al., 1997). Selection was performed by gradual
increase of the drug concentration and a constant amount of CuSO4 or CdCl, (Sigma-

Aldrich). The initial and final amounts of the drugs used for selection are as following:
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Initial Selection Final Selection

NEO4 120 pg/ml paromomycin 50 mg/ml paromomycin
0.5 ng/ml CdCl2 0.5 pg/ml CdCl2

NEOS5 120 pg/ml paromomycin 50 mg/ml paromomycin

PUR4 400 pg/ml puromycin 1200 pg/ml puromycin
0.63 mM CuSOq4 0.63 mM CuSOq4

RNAIi knockdown and Scc2 knockout

RNAI constructs were created as previously described in (Howard-Till et al., 2013).

The selection was initiated by adding 7.5 pug/ml cycloheximide into the transformed
cells. The amount of the cycloheximide was gradually increased up to 30 ug/ml. To
obtain complete depletion of cohesin subunits, 0.5 ng/ml CdCl> was added into the
growing cultures for 24h followed by addition of 0.05 pug/ml CdClz into the starvation
media. Scc2 knockout strains were generated by Josef Loidl according to the co-
deletion strategy described in (Hayashi and Mochizuki, 2015; Ali et al., 2018).

FISH

The probe spanning a 22.1 kb genomic region was prepared as described in (Loidl
and Mochizuki, 2009). The method described by Loidl et.al was followed for slide
preparation and probe hybridization (Loidl, 2004).

Protein Sample Preparation

The samples for immunoprecipitation and mass spectrometry analysis were prepared
as described in (Ali et al., 2018). The method described at Ali et.al was used for cell
fractionation and dephosphorylation experiments. The antibodies used for western

blot analysis are listed below.

Immunofluorescence analysis

Different fixation methods described in (Ali et al., 2018) were applied for slide
preparation: partial Schaudinn fixation for immunostaining of yH2A.X, high-detergent
fixation for visualization of Dmc1/Rad51 and chromatin bound proteins, formaldehyde
Triton-X100 fixation for localization of tagged proteins. For immunostaining, slides
were washed twice in 1X PBS and once in 1X PBS + 0.05% Triton X-100 and
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incubated with primary antibodies for 2 h at room temperature or over night at 4°C.

The incubation with secondary antibodies labeled with either Cy3 or FITC was

performed for 1 h at room temperature. Unbound antibodies were removed by washing
with 1X PBS and 1X PBS + 0.05% Triton X-100, and slides were mounted with

Vectashield anti-fading agent supplemented with 0.5 pg/ml DAPI.

Antibodies

The primary antibodies used in this study are as following:

Antigene Host

a-tubulin Ab-2 (DM1A) (monoclonal) mouse

Dmc1/Rad51 (monoclonal) mouse
dsRED (polyclonal) rabbit
GFP JL-8 (monoclonal) mouse
HA (monoclonal) mouse
HA (polyclonal) rabbit
yH2A.X (monoclonal) mouse
SUMO (polyclonal) rabbit

The secondary antibodies used are as following:

Source
Alexa488 anti-mouse Invitrogen
Alexa568 anti-rabbit Invitrogen

FITC goat anti-mouse
Rhodamine goat anti-rabbit
HRP goat anti-mouse

HRP goat anti-rabbit

Source
NeoMarkers
NeoMarkers
Clontech
Takara
Sigma
Sigma
BioLegends

James Forney

Merck Millipore
Merck Millipore
Thermo Fisher

Thermo Fisher

WB
1:10000
1:1000
1:1000
1:1000
1:1000

1:5000
1:10000

IF

1:100
1:100
1:100
1:100
1:100
1:100
1:200
1:500

IF

1:500
1:500
1:500
1:200

0
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Primers

In addition to the primers listed in (Ali et al., 2018), the following primers were used in

this study:

Rec8-HA3His6-UD/UD*83
Rec8 5 neo5 FW

Rec8 5 RV
Rec8 3 FW
Rec8 3 neo5 RV
Rec8 UD _neo5 FW
Rec8 UD neo5 RV

Rec8 C183S_GB_RV

AGGGAACAAAAGCTGGAGCTCTTAATAGATCTAAATGAT
GGTTAGGC

ATAAGTCTTTGTTAATTAGGAT
AATTAACAAAGACTTATGATGCTTG
TTCTTCAAATCTCCAACTAGTATGGTGATGGTGATGG
CCATCACCATACTAGTTGGAGATTTGAAGAAAAG
GACCGATTCAGTTCGCTCAACTAGTTCAGTTTTAGCAAA
TCTCTACTTTTC

ACTCCAGAATCATATCCGTTTTATTAG
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Abbreviations

ATM
ATR

RNAI
SC
SMC
WB
WT

ataxia telangiectasia mutated

ataxia telangiectasia- and Rad3 related
crossover

4’ 6-diamidino-2-phenylindole

DNA double strand break

fluorescence in situ hybridization

green fluorescent protein
immunofluorescence
immunoprecipitation

mass spectrometry

RNA interference

synaptonemal complex

structural maintenance of chromosomes
western blot

wild type
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4. Scc3 alignment
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