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Chapter 1
Introduction

The orderly segregation of chromosomes during cell division ensures faithful
inheritance of genetic information. Somatic cells undergo mitotic division, producing
genetically identical daughter cells; whereas germ cells undergo meiotic division,
creating gametes with half the number of chromosomes as compared to the parental
cell. The reduction in the ploidy of cells requires the presence of additional regulatory
mechanisms, aberrations which results in erroneous chromosomal segregation. In
human females, nearly one-third of all gametes carry an incorrect number of
chromosomes (Hassold and Hunt 2001). The incorrect segregation of chromosomes,
referred to as aneuploidy, is the major cause of infertility, miscarriages, and other
developmental defects. To protect cells from such aneuploidy, surveillance
mechanisms, termed checkpoints, are in place to respond to different lesions during
both mitosis and meiosis. In contrast to mitosis, where years of intensive research has
shaped our understanding about the general basis of surveillance mechanisms, the
mechanistic knowledge of surveillance pathways during the meiotic program is not very

well understood.

1.1 Budding yeast: a model organism to study meiosis

The budding yeast, Saccharomyces cerevisiae, has been extensively used as
a model organism to study the cell cycle, chromosome segregation, DNA damage, and
recombination. Its ability to rapidly undergo meiosis upon nutrient starvation in a
synchronous manner, along with the ease with which genetic manipulations can be
carried out makes it an ideal system to study meiotic processes. Furthermore, the
availability of a wide range of genetic tools, such as inducible expression systems
makes budding yeast a suitable model organism. More importantly, most of the
processes are highly conserved from yeast to mammals. With all this in mind, |
employed budding yeast as the model system to perform all the experiments for this

doctoral work.
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1.2 Cell cycle

Faithful transmission of the duplicatedd genome to daughter cells forms the basis
of growth and organismal development. It is achieved by eukaryotic cell cycle which,
via a highly regulated set of events, facilitates temporal uncoupling of cellular growth,
genome replication and segregation of the duplicated genome (Alberts et al. 2015).
Duplication of the genome takes place during S-phase whereas M-phase is when
segregation of the duplicated chromosomes occurs. The S phase and M phase are
separated by phases (G1 and G2) of cellular growth necessary for progression into the
next cell cycle stage (Alberts et al. 2015). Accurate regulation of cell phases ensures
the transition from one phase to another occurs only at a correct time and order.
Serine/Threonine Cyclin-Dependent Kinases (CDK) form the central component of this
regulation. The activation of Cdk’s depend on its binding with proteins called cyclins.
Different cyclins are made during different cell cycle stages which leads to the
formation of specific Cyclin/Cdk complex triggering different cell cycle events
(Coudreuse and Nurse 2010; Norbury and Nurse 1992; Loog and Morgan 2005). Cell
cycle checkpoints operate at the transition points monitoring the set of requirements
necessary for progression into the next stage (Hartwell and Weinert 1989). If the
necessary set of requirements are not met, transition into the subsequent phase is
delayed via negative feedback signals to the cell cycle machinery, providing time for

the previous phase to be completed correctly (Morgan 2012).

1.3  Meiotic cell division

Meiosis forms the basis of sexual reproduction. During meiotic cell division, the
chromosome content of cells is reduced by half. This is achieved by two consecutive
rounds of cell division which are preceded by a single round of DNA replication. During
the first round of division maternal and paternal chromosomes, called homologous
chromosomes or homologs, are segregated. This is followed by a second round of
division where copies of DNA generated during replication, i.e. sister chromatids, are
separated (Kleckner 1996).

To ensure faithful segregation of genetic material, chromosome pairs need to
be connected to each other. During DNA replication, sister chromatids are
topologically embraced by a ring-shaped multi-protein complex called cohesin

(Haering et al. 2008; Uhimann and Nasmyth 1998). However, this is not the case for
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the pair of homologous chromosomes where no such connection exists a priori. The
majority of processes before the segregation of homologous chromosomes are
dedicated towards establishing a linkage between them. This is achieved via two highly
controlled and interdependent sequences of events, namely recombination and
synaptonemal complex polymerization, taking place during prophase preceding the
first meiotic division. The recombination cascade starts with programmed DNA
damage followed by intricate chromosomal choreography culminating in the crossover
formation which provides the physical linkage between the homologs (Page and
Hawley 2003). Appropriate crossover formation is hugely dependent on synapsis, i.e.
polymerization of the synaptonemal complex, which brings two homologous
chromosomes in close proximity (Zickler and Kleckner 2015) (Figure 1.1). Defects in
either synaptonemal complex polymerization or recombination events result in

unfaithful segregation of chromosomes.

@*0*0

Diplod parent cell Replication DSB formatlon

Resolutlon Crossover Synapsis and Recombination

Meiosis | Meiosis Il

Figure 1.1: Overview of the meiotic cell division

Cartoon representation of a cell at different stages undergoing meiosis. After
replication of the parental genetic material, double-strand break (DSB) formation takes
place. Repair of these breaks i.e. recombination, results in the physical linkage of the
homologs in the form of a crossover. Synaptonemal complex polymerization i.e.
synapsis facilitates the processes of recombination. After resolution of the crossover,
which results in exchange of genetic material, chromosomes are divided into daughter
cells. Homologous chromosomes segregate during meiosis | followed by the
segregation of sister chromosomes during meiosis Il.

3
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1.4 Synaptonemal complex

During the course of meiotic prophase, chromosomes undergo dense
condensation and by mid-meiotic, pachytene stage the condensed homologous
chromosomes are also completely aligned in a lengthwise manner. The alignment
takes place by virtue of the formation of a structurally conserved, highly proteinaceous
structure called Synaptonemal Complex (SC) (Moses 1969). In organisms like budding
yeast and mice, initiation of the SC assembly is dependent on the programmed double-
strand break (DSB) formation (Giroux, Dresser, and Tiano 1989; Baudat et al. 2000;
Romanienko and Camerini-Otero 2000); whereas, in organisms like worms and fruit
flies, it is independent of the formation of DSBs (Dernburg et al. 1998; McKim et al.
1998; MacQueen et al. 2002; Vazquez, Belmont, and Sedat 2002). The SC
polymerizes at the interface of two homologs along their entire length in a process
called synapsis. Synapsis juxtaposes the two homologs in close proximity to each
other facilitating the process of crossover recombination between the homologous
chromosomes. The crossover recombination then results in the formation of
chiasmata, a direct physical attachment between the homologs. As cells exit meiotic
prophase SC is disassembled, with only the crossover holding the two homologs
together during chromosome segregation at meiosis |. Mutations affecting the SC
assembly severely reduces the efficacy of crossovers, resulting in chromosome mis-
segregations at meiosis | (Gladstone et al. 2009; Miyamoto et al. 2003; Judis et al.
2004)

1.4.1 The Structure of SC

The general structure of SC is conserved across organisms. There are three
different sub-structures within SC: two parallel lateral elements connected by
transverse filaments and a central element (Page and Hawley 2003). The Lateral
element runs along the entire length of homologous chromosomes and contains
cohesin proteins along with meiosis-specific proteins Red1 and Hop1 (Klein et al. 1999;
Smith and Roeder 1997; Hollingsworth, Goetsch, and Byers 1990). The lateral element
creates the axis from which loops of DNA emanate giving rise to the tethered loop-axis
structure of meiotic chromatin necessary for the efficient DSB formation (Blat et al.
2002; Keeney 2001; Panizza et al. 2011). The region between the two homologs

contains both the transverse filament and the central element. The transverse filament
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is a set of perpendicularly oriented proteins connecting the two lateral elements.
Central element proteins are present at the center of the SC and help in the proper
assembly of the SC by stabilizing the structure. In budding yeast, the presence of Zip1,
a large coiled-coil domain-containing protein, is the hallmark of transverse filaments
(Sym, Engebrecht, and Roeder 1993). Zip1 forms homodimers with the C-terminal of
the protein positioned towards the lateral element and the N-terminal positioned
towards the central element (Dong and Roeder 2000). Central element proteins like
Gmc2 and Ecm11 are believed to stabilize the N-terminal interactions by forming stable
homodimers (Humphryes et al. 2013; Leung et al. 2015). The formation of a proper
lateral element is a pre-requisite for the efficient assembly of transverse filament and
hence for SC maturation (Hollingsworth, Goetsch, and Byers 1990; Rockmill and

Roeder 1990). The formation and maturation of SC is a highly dynamic process.

1.4.2 Dynamics of SC polymerization
The dynamics of SC assembly can be divided into three separate events,

namely, initiation, extension and maintenance followed by disassembly.

1.4.2A Initiation of SC

Before SC polymerization, chromosomes must find and pair with their homologs
to prevent SC initiation between non-homologous chromosomes. In budding yeast,
initial pairing takes place by a highly dynamic, homology-independent process called
centromere coupling. During centromere coupling, centromeres continually associate
and disassociate until chromosomes begin to pair in a homologous manner by loading
the transverse filament protein Zip1 at centromeres (Tsubouchi and Roeder 2005;
Zickler and Kleckner 2015). In addition to the centromeres, the initiation of SC
assembly also takes place at non-centromeric regions in a DSB-dependent manner
(Agarwal and Roeder 2000; Chua and Roeder 1998; Sym, Engebrecht, and Roeder
1993). The distinction of SC initiation at different locations is made possible because
of differences in the role of meiotic proteins involved in this process. The small
ubiquitin-like modifier (SUMO) E3-ligase Zip3 and proline isomerase Fpr3 restrict the
Zip1 polymerization at the centromeres (Macqueen and Roeder 2009). The initiation
of the SC at non-centromeric regions takes place at DSB sites that are presumed to
be sites for crossover recombination. At these sites, Zip3 plays a role in promoting the

formation of SC. The signal emanating from recombination initiation triggers
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localization of synapsis initiation complex (SIC) proteins like Zip2, Zip4, Spo16, Msh4,
Msh5. These proteins promote the assembly of SC by negatively regulating the SC

restrictive behavior of Zip3 (Borner, Kleckner, and Hunter 2004).

1.4.2B Extension and maintenance of SC

Once SC assembly has been initiated, synapsis takes place along the entire
length of the homologous chromosomes. This helps in maintaining the homologs in
close proximity until the crossover is formed. The extension of SC utilizes a positive
feedback system whereby the N-terminal of Zip1 is able to activate the SUMOylation
of Gmc2-Ecm11, two central element components, by Siz1 and Siz2 (SUMO E3
ligases) (Humphryes et al. 2013; Leung et al. 2015). The assembly of Gmc2 and
Ecm11 is dependent on the fully assembled SIC. PolySUMOylation of Ecm11
facilitates recruitment of more Zip1. The additional recruitment of Zip1 causes more
recruitment of Gmc2-Ecm11 thereby creating a positive feedback system (Humphryes
et al. 2013; Leung et al. 2015). This eventually leads to fully synapsed chromosomes
where the SC must be maintained until the formation of crossover (Figure 1.2). Once
fully established, SC remains highly dynamic with a constant turnover of the SC
components along the synapsed regions (Voelkel-Meiman et al. 2012). The SC is able
to grow and maintain a stable structure because the rate of incorporation of SC
components is higher than the rate of their disassociation (Voelkel-Meiman et al.
2012). The SC is maintained until the completion of recombination events after which

it starts to disassemble.

1.4.2C Disassembly of SC

The disassembly of SC needs to be precisely coordinated with the completion
of recombination events. Once SC is disassembled, it is the crossover that tethers the
homologs together allowing for their faithful segregation. This precise control of SC
disassembly is controlled by cell-cycle specific kinases like Cdc5 and Ipl1 whose
expression are in turn regulated by specific transcription factors like Ndt80 (Jordan et
al. 2009; Sourirajan and Lichten 2008).

1.4.3 Extrachromosomal SC aggregates: Polycomplex
Polycomplexes (PC) are large extra-chromosomal aggregates of SC-related material

observed during the pachytene stage of meiosis. Abnormalities in either DSB
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formation, chromosome synapsis and/or recombination gives rise to the formation of a
PC (Hughes and Hawley 2020; Sym and Roeder 1995). Although PCs are generally
associated with abnormal chromosome metabolism during meiotic prophase, they are
also observed during normal meiosis. Strains showing a prophase block because of
the deletion of either CDC5, NDT80 or SPO10 also show the presence of a PC
(Simchen et al. 1981; Horesh, Simchen, and Friedmann 1979; Bhuiyan, Dahlfors, and
Schmekel 2003; Kundu and Moens 1982). The SC is assembled at the interface of two
homologs, in contrast to PCs which are generally observed in DNA-free regions.
However, both of them are composed of the same building blocks and share structural
properties. Zip1 is the main component of both SC and the PC (Sym, Engebrecht, and
Roeder 1993; Sym and Roeder 1995). Many of the SC-central element proteins like

Gmc2, Ecm11 also localize to the PC structures (Humphryes et al. 2013). In fact,

chromosome
axis

D Ecm11 DZip1

= =t

SUMO-Ecm11/Gmc2 —|

T
Ll]lllll
111

polycomplex formation

Figure 1.2: Model of Synaptonemal complex polymerization

Synaptonemal complex is scaffolded onto a properly formed chromosomal axis.
Polymerization is initiated from synapsis initiation complex (SIC) sites where Zip1,
Gmc2 and Ecm11 localize. After Ecm11 is SUMOylated, it recruits additional Zip1
creating a positive feedback system resulting in the assembly of synaptonemal
complex along the entire length of chromosomes. The same regulation of Ecm11
SUMQOylation is necessary for the formation of Polycomplex as well. Image adapted
from (Humphryes et al. 2013)
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Ecm11 and Gmc2 are essential for the formation of PC even in the face of
recombination defects suggesting a connection between the SC and the PC (Figure
1.2). Furthermore, SIC proteins like Zip2, Zip3 and Zip4 also associate with PC
(Voelkel-Meiman et al. 2019; Chua and Roeder 1998; Shinohara et al. 2015; Hughes
and Hawley 2020). Apart from protein composition, SC and PC also share structural
similarities. Like the higher-order structure of SC, PCs have a tripartite structure with
SC proteins arranged in a railroad track like organization. PC can be thought of as
several stacks of SC stuck parallel to each other. Overexpression of Zip1 also leads to
the formation of PC (Sym and Roeder 1995; Dong and Roeder 2000). The formation
of PCs in a Zip1 overexpression condition might reflect a scenario where the excessive
Zip1 levels results in anomalous formation of PCs. How the formation and extensions
of these structures are regulated in unperturbed cells and also under overexpression
conditions is not very well understood. Unknown proteins or post-translational
modifications that are involved in the regulation of proper SC formation and keep the

formation of PCs in check might play a role in this process.

1.5 Crossover recombination: the physical linkage

Crossover formation involves the exchange of genetic material between the two
homologs. Crossovers are a result of recombination-based repair of programmed
DSBs. Spo11 is a meiosis-specific topoisomerase-like enzyme which forms the
catalytic core of a sophisticated machinery responsible for generation of DSBs
(Keeney and Kleckner 1995; Keeney, Giroux, and Kleckner 1997; Szostak et al. 1983;
Cao, Alani, and Kleckner 1990; Sun et al. 1989). Spo11 remains covalently attached
to the 5’-terminus of DNA and is eventually released by endonucleolytic activity of Sae2
endonuclease (Keeney and Kleckner 1995; Farah, Cromie, and Smith 2009; Cao,
Alani, and Kleckner 1990). This is then followed by 5’-3’ resection of DNA facilitated by
Exo1 and Sae2 proteins leaving behind 3’-single-stranded tail of DNA (Sun et al. 1989;
Zakharyevich et al. 2010). Rad51 and Dmc1, members of the RecA family of
recombinases, facilitates the strand invasion (Bishop et al. 1992; Chen, Yang, and
Pavletich 2008; San Filippo, Sung, and Klein 2008). Rad51 plays a critical role in
recombination during both mitosis and meiosis. In contrast, Dmc1 is expressed
specifically during meiosis (Bishop et al. 1992). The primary purpose of these proteins
is to enable the homology search by the resected single-stranded DNA. Rad51 and

Dmc1 decorate the 3’-tail of the resected DNA to form a nucleoprotein filament which
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invades the DNA to form a nascent D-loop, eventually resulting in the formation of a
single-end invasion. The other strand of DNA is then stabilized to help mature single-
end invasion. This leads to the formation of a double-Holliday junction which is
ultimately resolved into a crossover (Schwacha and Kleckner 1995; Storlazzi et al.
1995). The strand invasion intermediates that are not stabilized are displaced from the
homolog and are repaired as non-crossovers (Figure 1.3) (Allers and Lichten 2001;
Hunter and Kleckner 2001).
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Figure 1.3: Homologous recombination during meiotic prophase

After replication Spo11-mediated DSB formation takes place. In a Sae2-dependent
manner, 5’-3’ resection of DNA initiates leading to the formation of 3’-tail of DNA. The
initial template choice for the repair is mediated by two recombinases: Dmc1 and
Rad51. Dmc1 helps in using the homolog as a template whereas Rad51 facilitates the
use of sister chromatid as the template. During meiosis there is an active bias towards
the use of homolog as the repair template. Dmc1 helps in homology search and forms
the nascent D-loop. If the D-loop is stabilized, it forms a single end invasion which
eventually leads to the formation of a crossover. However, if the stabilization of the D-
loop is not optimal the DSB lesion is repaired by forming a non-crossover. The
resolution of double Holliday junctions to crossover is also associated with the
expression of transcription factor Ndt80. Image modified from (Lao and Hunter 2010)
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DSBs can be repaired using a template belonging to either sister or homologous
chromosome (Goldfarb and Lichten 2010). However, during meiosis, an active bias
exists towards the use of homolog as the template. There are multiple mechanisms
that ensure interhomolog recombination is the preferred repair pathway. Dmc1
catalyzes the interhomolog recombination while Rad51 promotes Dmc1 filament
assembly but facilitates inter-sister recombination (Figure 1.3) (Neale and Keeney
2006; Brown and Bishop 2014). The differences in roles played by Rad51 and Dmc1
are a result of the different subset of accessory factors used. The Hop2/Mnd1 protein
complex interacts with Dmc1 whereas Hed1 binds specifically to Rad51 (Tsubouchi
and Roeder 2002, 2006). Rad54 is an accessory factor that is known to stimulate the
recombinase activity of Rad51. Interaction of Hed1 with Rad51 blocks the interaction
of Rad51 with Rad54 thereby suppressing its activity (Busygina et al. 2008).
Additionally, Dmc1 can stabilize mismatched base triplets while scanning for
homology, whereas Rad51 cannot (Lee et al. 2017; Lee et al. 2015; Borgogno et al.
2016). These properties reflect an intrinsic difference between the two recombinases.
Besides the recombinase-dependent selection of repair pathway, the kinases
Mec1/Tel1 also play a role in the regulation of repair pathway choice. Mec1/Tel1
dependent phosphorylation of Hop1, along with other proteins like Pch2 and Rad17
play a role in establishing a bias created towards using homolog as the repair template

instead of sister chromatid (Ho and Burgess 2011).

In summary, an active bias towards the use of homolog as the repair template
exists during meiosis. The formation of an obligatory inter-homolog crossover is
dependent on the interaction of Rad51 and Dmc1 with their co-factors. These
interactions result in suppressing the activity of Rad51 and allows Dmc1 to dominate,
resulting in an inter-homolog repair of DSBs. Additionally, the bias towards homolog
for repair is also created in part by the activity of Mec1/Tel1 kinases and by proteins
like Pch2 and Rad17.

1.6  Surveillance mechanisms during cell division

Surveillance mechanisms, also known as checkpoints, monitor the coordinated
progression through the cell division program. They play an integral part in ensuring
orderly execution of cellular events by creating interdependent relationships between

different events of the cellular progression. A checkpoint generally halts the cell cycle
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progression until the execution of the previous event has taken place in a proper
manner (Hartwell and Weinert 1989). For example, an active checkpoint provides time
for the cell to complete events like chromosome biorientation, recombination, synapsis
among others to complete before committing to the next steps. Cell cycle checkpoints
operate during both mitotic and meiotic cell division programs to maintain genome
integrity. The first checkpoint operates during late G1 phase, at which stage cells
unidirectionally commit to DNA replication and entry into cell cycle (Hartwell 1974).The
next checkpoint, operating during G2 phase, monitors the state of DNA replication
(Jeggo and Lobrich 2007). The last checkpoint known as Spindle Assembly
Checkpoint (SAC) operates during the chromosomal segregation event in M phase.
SAC ensures the proper segregation of sister chromosomes during cell division
(Musacchio 2015). Because of the presence of an additional round of chromosome
segregation event during meiosis, there are additional surveillance mechanisms that
operate during meiotic prophase (Subramanian and Hochwagen 2014). These
checkpoints monitor DSB repair and synapsis ensuring proper segregation of
chromosomes during meiosis |. Checkpoints play a very important role in proper cell
cycle progression, here | will be focusing on describing the meiotic prophase

checkpoint and spindle assembly checkpoint in more detail in the following sections.

1.6.1 Checkpoints during meiotic prophase

As mentioned earlier, for faithful segregation of chromosomes during meiotic
division, proper execution of critical events like recombination and synapsis is
indispensable. Surveillance mechanisms, or checkpoints, exist during meiotic
prophase which monitor stepwise execution of both recombination and synapsis. The
generation of programmed DSBs is essential for the initiation of these events. The
DNA damage-response kinases Tel1 and Mec1 (mammalian ATM and ATR orthologs
respectively) are activated by the DNA substrates generated in response to Spo11-
mediated DSBs (Subramanian and Hochwagen 2014; Carballo and Cha 2007). Tel1
is activated by the blunt DNA at DSB sites whereas Mec1 is activated by the single-
stranded 3’-tail left after 5’-3’ resection of DNA (Shiotani and Zou 2009; Zou and
Elledge 2003). Active Tel1/Mec1 phosphorylate the chromosome axis protein Hop1 in
its SCD region (SQ/TQ Cluster Domain) enabling Hop1 to act as an adaptor for Mek1
activation (Figure 1.4) (Carballo et al. 2008; Cheng et al. 2013). The Forkhead-

associated domain of Mek1 then interacts with the phosphorylated Hop1, resulting in
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Figure 1.4: Checkpoint signaling cascade during meiotic prophase

DSB formation and subsequent processing results in the activation of Tel1 and Mec1
kinases. These kinases phosphorylate the axis protein Hop1 which then acts as an
anchor to facilitate the phosphorylation of effector kinase Mek1. Active Mek1 results in
checkpoint activity by inhibiting Ndt80 dependent transcriptional activity of multiple
genes, one of which is Cdc5. Active Mek1 also helps creating interhomolog bias by
phosphorylating a number a substrate like Rad54 and Hed1 which inhibit Rad51
function. Histone H3-Thr11 is also a substrate of Mek1.

the chromosomal recruitment of Mek1. On the chromosomes, Mek1 is activated in part
by (trans) autophosphorylation of Thr327 present in its activation loop (Niu et al. 2007).
However, for full activation of Mek1, multiple genetically separable phosphorylation
events take place. Activated Mek1 creates a positive feedback system by stabilizing
the phosphorylation of Hop1 (Niu et al. 2007; Niu et al. 2005; Carballo et al. 2008;
Penedos et al. 2015). The activation of Mek1 results in reinforcing the preferential use
of homolog instead of sister chromatid as a repair template during recombination (i.e.
inter-homolog bias) The interhomolog bias is created in part by phosphorylation of
Rad54, a binding partner of Rad51 (see above). The phosphorylation of Rad54 by

Mek1 attenuates its interaction with Rad51, resulting in Dmc1 to predominate the
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strand exchange activity (Niu et al. 2009). In addition to phosphorylation of Rad54,
activated Mek1 also directly phosphorylates Hed1 at Thr40 residue, which leads to a
stabilization of the protein (Figure 1.4). The stabilization of Hed1 promotes negative
regulation of Rad51 strand exchange activity, further strengthening the role of Dmc1
in mediating inter-homolog recombination (Callender et al. 2016). Thus, Mek1 via its
kinase activity on multiple substrates ensures the creation of inter-homolog bias for
DSB repair.

Activation of Mek1, a sign of active checkpoint signaling, is also responsible for
delay or arrest of meiotic progression. Active Mek1 targets the cell cycle machinery by
phosphorylating and activating CDK-inhibitory kinase Swe1. Active Mek1 also leads to
the inhibition of Ndt80 activity. Ndt80 is a transcription factor whose activity leads to
the expression of a set of middle sporulation-specific genes, including CLB17 (cyclin)
gene. Transcriptional downregulation of CLB17 along with the inhibitory phosphorylation
of Cdc28 by Swef1, restricts the Clb1-Cdc28 (Cyclin/CDK) activity, thereby preventing
cells from exiting meiotic prophase (Tung, Hong, and Roeder 2000) (Acosta, Ontoso,
and San-Segundo 2011). Another important target of Ndt80 is the prophase-exit
promoting budding yeast polo-like kinase, Cdc5 (Sourirajan and Lichten 2008) (Figure
1.4). The use of an allele that expresses CDC5 during mitosis but not during meiosis
(cdc5-mn, meiotic null) revealed that CdcS expression also plays a role in the exit from
checkpoint. cdcb-mn mutants show reduced crossover, defective resolution of
recombination products and persistence of SC (Sourirajan and Lichten 2008). Thus,
active checkpoint during meiotic prophase, via inhibition of Ndt80, results in the
downregulation of CDC5 and CLB genes, which together with the inactivation of Cdc28

leads to the delay/arrest in the meiotic progression.

Apart from Rad54, Mek1 itself, Hed1 and Ndt80, Mek1 also directly
phosphorylates Histone H3 at Threonine 11 (H3-T11) in response to DSB generated
signaling (Kniewel et al. 2017). Although, the phosphorylation of H3-T11 by Mek1 is
dispensable for its meiotic function, it is often used as a marker for activated Mek1 and

ongoing checkpoint signaling during meiotic prophase.

To summarize, activation of Mek1, in response to DSBs, is the most critical

component for creating homolog bias and in maintaining the checkpoint activity leading
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to a delay/arrest during meiotic prophase. As such, Mek1 is the effector kinase of

checkpoint activity during meiotic prophase.

1.6.2 Spindle assembly checkpoint

The Spindle Assembly Checkpoint (SAC) operates during chromosome
segregation event in eukaryotic cells. The SAC prevents the passage of cells into the
final stages of cell division until the chromosomes are properly attached and a state of
chromosome bi-orientation on the spindle is achieved. It delays the metaphase-to-
anaphase transition on recognizing the presence of kinetochores (a complex assembly
of proteins on the centromere of each chromosome that mediates chromosome
attachment to microtubules) harboring unattached microtubule-binding sites (Rieder et
al. 1995; Dick and Gerlich 2013). Active SAC catalyzes the assembly of an inhibitory
effector complex called mitotic checkpoint complex (MCC). MCC is composed of core
SAC proteins: Mad2, Mad3 (BubR1 in mammals), Bub3 and Cdc20. The main target
of MCC is a vital E3-ubiquitin ligase called Anaphase promoting complex/cyclosome
(APC/C). MCC blocks the activity of APC/C and helps prevents mitotic exit (Musacchio
2015; Lara-Gonzalez, Westhorpe, and Taylor 2012). As proper bi-polar microtubule-
kinetochore attachments take place and the chromosomes attain the state of bi-
orientation, MCC is disassembled. This allows APC/C to act on two of its crucial
substrates, Cyclin B and Securin (Figure 1.5) (Glotzer, Murray, and Kirschner 1991;
Yamamoto, Guacci, and Koshland 1996). APC/C mediated rapid degradation of cyclin
B dissolves the cyclin B/Cdk1 complex, resulting in the inactivation of Cdk1 and a
subsequent exit from mitosis. Simultaneously, APC/C also mediates the degradation
of securin, liberating separase from the inhibition of securin. Separase cleaves the
kleisin subunit of cohesin, resulting in the opening of the cohesin ring. This leads to the
loss of sister chromatid cohesion and results in the onset of anaphase (Funabiki et al.
1996; Holloway et al. 1993; Uhimann, Lottspeich, and Nasmyth 1999; Uhlmann et al.
2000). Thus, the ultimate function of SAC is to keep the activity of APC/C in check to
prevent the loss of sister chromatid cohesion and inhibit the premature entry of cells

into anaphase.
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Figure 1.5: Molecular machinery involved in the Spindle Assembly Checkpoint
Unattached kinetochores result in the formation of MCC consisting of Mad2, Cdc20,
BubR1 and Bub3. The main function of MCC is to block the activation of ubiquitin ligase
APC/C until chromosome bi-orientation is achieved. Upon chromosome bi-orientation,
MCC is disassembled allowing APC/C to release separase from the inhibitory activity
of securin, thereby allowing separase to cleave the cohesin ring keeping the sister
chromatids together. APC/C activation also results in the degradation of Cyclin B1,
leading to the inactivation of Cdk1 and subsequent exit from mitosis. Image adapted
from (Lara-Gonzalez, Westhorpe, and Taylor 2012)

1.7 Interplay of AAA+ ATPase and HORMA domain proteins
1.7.1 AAA+ ATPase

AAA+ ATPases, an acronym for ATPases Associated with various cellular
Activities, are a functionally diverse group of proteins which can bind to and hydrolyze
ATP to bring about conformational changes in a wide range of substrates (Hanson and
Whiteheart 2005).

The hallmark of AAA+ ATPases is the structurally conserved, ~200-250 amino

acids long AAA+ domain structural core which is formed by a three-tiered a-B-a
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sandwich (lyer et al. 2004). Each AAA+ domain consists of a Walker-A and Walker-B
motif critical for binding and hydrolyzing ATP, respectively. The consensus sequence
for a Walker-A motif is GXXXXGK][T/S], where X is any amino acid and the C-terminal
residue is either threonine or serine (Hanson and Whiteheart 2005). The Walker-B
motif is characterized by the sequence hhhhDE, where h represents any hydrophobic
residue and the C-terminal residues are aspartate and glutamate (Hanson and
Whiteheart 2005). The conserved aspartate and glutamate residues are important for
catalyzing ATP-hydrolysis. The aspartate residue helps in coordinating the Mg?*
required for ATP-hydrolysis whereas the glutamate residue forms the catalytic base
from where the nucleophilic attack on the y-phosphate is initiated during ATP
hydrolysis. Mutation of the glutamate residue in the Walker-B motif therefore prevents
ATP-hydrolysis while still allowing its binding. For this reason, glutamate to glutamine
or alanine mutation has been used to create a “substrate trap” to dissect the roles of
ATP binding and ATP hydrolysis in AAA+ protein activities (Weibezahn et al. 2003).

AAA+ ATPases are known to oligomerize via its ATPase domains. With the
exception of a few, most of the AAA+ ATPases are known to oligomerize into a closed
barrel-like hexameric ring with an open central channel (Wang et al. 2001). These
oligomeric assemblies are thought to be the active state of such ATPases. One of the
characteristics of forming these barrel-shaped complexes is the presence of ATP-
binding pockets at the interface of different subunits. This typical arrangement enables
the coordination between the binding and hydrolysis of ATP. The dynamics of ATP
binding and hydrolysis results in the propagation of structural changes within different
subunits. This coordination is provided, most importantly, by a conserved arginine
finger present in one of the AAA+ domain, contributing to the ATP-binding pocket of
the neighboring subunit by contacting the y-phosphate of the bound ATP (Ogura,
Whiteheart, and Wilkinson 2004). The synchronized behavior makes the AAA+
assembly work in a concerted manner thus forming a processive machine. The
conformational changes brought about by the binding and/or hydrolysis of ATP is then

relayed onto its substrate, in most cases, via a non-catalytic N-terminal domain.

AAA+ ATPases are known to perform a vast variety of essential functions to cell
physiology including, but not limited to, initiation of DNA replication, maintaining

robustness of cell cycle checkpoints, control of protein homeostasis and ribosomal
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DNA stability. The functional diversity of AAA+ ATPases is provided by their ability to
interact with many different substrates via their N-terminal extensions (Tucker and
Sallai 2007). Cdc48, also known as p97, is one of the best characterized AAA+
ATPase. Cdc48 is implicated to play a role in various cellular processes including, but
not limited to, ubiquitin fusion degradation (UFD) pathway, endoplasmic reticulum-
associated degradation (ERAD) pathway, DNA repair etc. (Mullally, Chernova, and
Wilkinson 2006; Jarosch et al. 2002; Ye, Meyer, and Rapoport 2001; Braun et al. 2002;
Meyer and Weihl 2014). The domain architecture of Cdc48 includes an N-terminal
region followed by two AAA+ ATPase domains and finally an unstructured C-terminal
region. The Cdc48 homomers come together to form a functional double hexamer that
enables it to use ATP hydrolysis in a coordinated manner to generate mechanical force
to disassemble protein complexes or unfold proteins(Nishikori et al. 2011). There are
multiple other AAA+ ATPases discovered which are involved in a myriad of cellular
processes and mechanistically function in a manner similar to that of Cdc48. One such
AAA+ ATPase is Pch2/TRIP13.

1.7.1A Pch2/TRIP13: the well-known AAA+ ATPase

Pachytene checkpoint 2 (Pch2), and its mammalian homolog TRIP13, is a
AAA+ ATPase known to regulate processes like meiotic DNA recombination,
chromosomal axis formation, meiotic prophase checkpoint among others (Vader
2015). Homologs of PCHZ2 have been identified in worms, fruit flies, plants and
mammals. In budding yeast, it is a meiosis-specific protein but its homologs (PCH-2 in
C.elegans and TRIP13 in mammals) are known to play roles during both mitotic and
meiotic processes (Vader 2015). Pch2 was initially discovered in budding yeast in a
screen for mutants that could bypass the arrest caused due to synapsis defects (San-
Segundo and Roeder 1999). Since then, checkpoint associated roles have also been
described in other organisms. In C.elegans, pch-2 is needed for apoptosis of oocytes
that experience defective SC polymerization (Bhalla and Dernburg 2005). Similarly, in
D. melanogaster, pch2 is required for a delay in oocyte selection caused by the
mutations in crossover-promoting factors (Joyce and McKim 2009; Bhalla and
Dernburg 2005). Disruption of TRIP13 leads to fertility defects in both male and female
mice. Male mice display small gonads whereas female mice have very few or no
follicles, a result of the oocyte elimination (Roig et al. 2010; Li and Schimenti 2007).
Apart from meiosis, the role of Pch2/TRIP13 is also implicated in regulating mitotic

processes especially in the regulation of SAC during cell division (Tipton et al. 2012;
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Musacchio 2015). TRIP13 is one of the genes thought to give rise to chromosomal
instability (CIN) in human tumors (Yost et al. 2017). Structurally, like most other AAA+
ATPase, Pch2/TRIP13 oligomerizes into functional hexameric assemblies (Chen et al.
2014; Ye et al. 2015). Apart from the ATPase domain, Pch2/TRIP13 contains an N-
terminal region which helps in the substrate specificity. Most, if not all, of the regulatory
functions of Pch2/TRIP13 are carried out by modulating HORMA domain-containing
client proteins (Vader 2015). As such, HORMA domain-containing proteins act as

clients for AAA+ ATPases to execute their function during various signaling cascades.

1.7.2 HORMA domain-containing proteins

The HORMA domain was first identified in S.cerevisiae in three functionally
unrelated proteins, namely, Hop1, Rev7 and Mad2 by virtue of sequence similarity
(Aravind and Koonin 1998). Hop1 is a meiosis-specific protein known to bind
chromosomes during early meiosis and controls different aspects of recombination and
chromosome segregation (Hollingsworth, Goetsch, and Byers 1990; Sale 2013). Rev7
is a subunit of translesion DNA polymerase ¢ known to play a role in recombination
pathways during mitotic DNA DSB break repair (Sale 2013). Mad2 is, structurally and
functionally, the best-understood HORMA domain-containing protein. It is a key
regulator of the spindle assembly checkpoint (Mapelli and Musacchio 2007). Since the
initial discovery of HORMA domain in S.cerevisiae, proteins containing this domain
have been identified in many other eukaryotic organisms. Strikingly, HORMA domain-
containing proteins are not restricted only to eukaryotes. Recently, a HORMA domain-
containing protein was identified in bacterial signaling operon, suggesting the
evolutionary conservation of this domain (Ye et al. 2020). HORMA domains are known
to form functional protein assemblies and play a role in diverse signaling pathways.
Apart from the above-mentioned pathways, HORMA domain-containing proteins are

also associated with the initiation of autophagy (Rosenberg and Corbett 2015).

Structural studies of HORMA domain-containing proteins have revealed that
apart from sharing sequence similarities, these domains share structural properties as
well. The hallmark of a HORMA domain is the presence of two functionally different
regions: the N-terminal “core” region and the C-terminal “safety belt” region (Aravind
and Koonin 1998). HORMA domains can exist in two different conformations

depending on how the safety belt region packs itself against the core region. Packing
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Figure 1.6: Different conformations and architecture of HORMA domain-
containing proteins

Cartoon representation of two different conformations a HORMA domain can adopt.
The two conformations are distinguished by how the safety belt region (shown in blue)
wraps itself around the core region (shown in gray). Upon binding of closure
motif/interaction peptide (shown in yellow), the HORMA domain achieves a closed
conformation. In open conformation, the HORMA domain cannot bind with the closure
motif. Closure motifs can be present within the protein, like in Hop1; or it can be present
in the interacting partners like Mad1 and Cdc20 for Mad2, and Rev3 for Rev7. Image
modified from (Rosenberg and Corbett 2015)

of the safety belt region is coupled to the binding of the core region with a short peptide
interaction motif known as “closure motif’. When the core region interacts with a
closure motif, the safety belt wraps itself around the core region, a conformation termed
as “closed”. On the other hand, when the safety belt occupies the closure motif
interaction site, a conformation termed as “open”, the core region is unable to bind to
the closure motif (Figure 1.6) (Aravind and Koonin 1998; Rosenberg and Corbett
2015). With respect to a signaling event, the open conformation of a HORMA protein
is considered to be the latent state whereas the closed or unbuckled conformation is
considered to be the active state. This sets up a framework whereby HORMA domain
proteins, by adopting two topologically different conformations, can result in contrasting
outcomes of the signaling. However, not all the HORMA domain proteins, for example,
Rev7, are known to exist in open and closed conformations. As of now, Rev7 has only
been observed in a closed conformation. A closure motif can be present within the
protein itself (for example in Hop1) or it can be present in the interacting partner of the

protein (for example in Cdc20 and Mad1 for Mad2, and; in Rev3 for Rev7) (Figure 1.6).
19



Introduction

The topological linkage of HORMA domain to the closure motif of its binding partner
gives rise to functional protein complex assembly. Thus, HORMA domain proteins by
virtue of its interaction with closure motif-containing interaction partners, can adopt two
distinct conformations and play contrasting roles via assembly and disassembly of

protein complexes.

1.7.2A Hop1: meiotic HORMA domain-containing protein

Hop1, like the majority of other HORMA domain-containing proteins, can adopt
two different conformations (West, Komives, and Corbett 2018; Rosenberg and
Corbett 2015). The open conformation of Hop1 is slightly different than the well-
characterized open conformation of Mad2. In this conformation, termed “Unbuckled”
Hop1 (U-Hop1), the safety belt region is disengaged from the HORMA domain core
region and is thought to exist in an extended state (West, Komives, and Corbett 2018).
Also, unlike Mad2, Hop1 is known to contain its own closure motif (Figure 1.6). Red1,
a chromosomal axial protein responsible for the chromosomal localization of Hop1,
also contains a closure motif with which Hop1 can associate (West, Komives, and
Corbett 2018; Niu et al. 2005). Hop1 can bind to both its own closure motif as well as
to the closure motif of its interacting partner, Red1. The current model of chromosomal
axis organization proposes that Hop1 initially interacts with a closure motif in
chromosomally associated Red1 freeing up its own closure motif in the process. This
is followed by additional recruitment of Hop1 to oligomerize in a head-to-tail manner,
mimicking “beads on a string” pattern (West, Komives, and Corbett 2018; Rosenberg
and Corbett 2015).

Hop1 is essential for the proper assembly of SC and absence of Hop1 results
in the appearance of PC structures (Carballo et al. 2008; Hollingsworth and Byers
1989; Hollingsworth, Goetsch, and Byers 1990). Hop1 plays a role in the signaling of
meiotic prophase checkpoint. The lack of Hop1 in cells results in the decrease of spore
viability, reflecting the importance of Hop1 in chromosome segregation events
(Hollingsworth and Byers 1989; Hollingsworth, Goetsch, and Byers 1990). Hop1 is a
highly conserved protein with its mammalian homologs, HORMAD1 and HORMAD2,
playing very similar roles of axis formation and checkpoint regulation in mice (Wojtasz
et al. 2009). The chromosomal localization of Hop1, and HORMAD proteins in
mammals, is negatively regulated by Pch2, and TRIP13 respectively . The interplay of
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AAA+ ATPase and HORMA domain-containing proteins across species indicates the
functional conservation of AAA+ HORMA module. As such, HORMA domain-
containing proteins are modulated by AAA+ ATPases resulting in AAA+ HORMA
module playing a role in a variety of diverse signaling cascades across different

species.

1.7.3 AAA+ HORMA proteins during mitotic Spindle assembly checkpoint

A dysregulated SAC might result in chromosome missegregation and lead to
the production of aneuploid cells, hallmark of birth defects and multiple cancers. Hence
proper regulation of SAC is of utmost importance. AAA+ ATPases and HORMA
domain-containing proteins combine to play a critical role in regulating the SAC. Pch2
homologs in C.elegans (PCH-2) and mammals (TRIP13) are known to regulate SAC
by modulating HORMA domain-containing protein Mad2 (Nelson et al. 2015; Alfieri,
Chang, and Barford 2018; Musacchio 2015). It is to note that budding yeast Pch2 has

not yet been implied to play a role in SAC regulation.

Mad2, similar to Hop1, can exist in two different conformations: an “open”
conformation (O-Mad2) or a “closed” conformation (C-Mad2) (Sironi et al. 2002; Sironi
et al. 2001; Luo et al. 2004). A closed conformation of Mad2 is achieved upon binding
to either Mad1 or Cdc20, both of which contain a similar Mad2-interaction motif
(closure motif). A critical step in signaling of the SAC is the catalytic assembly of Mad2
and Cdc20 subcomplex. According to the “Mad2-template model”, O-Mad2 is recruited
to the unattached kinetochores where more stably associated Mad1/C-Mad2 act as
the template to convert O-Mad2 to C-Mad2. C-Mad2 is then able to capture Cdc20
forming the Cdc20/C-Mad2 subcomplex that subsequently forms the MCC by
association with constitutive BubR1/Bub3 subcomplex (Figure 1.7) (Musacchio and
Salmon 2007).

Whereas it is critical to activate SAC by MCC formation, it is equally crucial to
silence the SAC signaling, upon chromosome bi-orientation, for ensuring cell cycle
progression. One of the ways to achieve silencing of the SAC signal is through
disassembly of MCC. The AAA+ ATPase TRIP13 promotes the conformational
conversion of Mad2 from C-Mad2 to O-Mad2 (Ye et al. 2017; Ye et al. 2015). This

induced conformational change likely contributes to the extraction of Mad2 from the
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MCC and leads to the disassembly of MCC. It is to note that other mechanisms
involving the action of phosphatases that counteract mitotic kinase activity and removal
of checkpoint proteins from kinetochores also act simultaneously to silence the SAC

signaling.
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Figure 1.7: Dual role of TRIP13 during Spindle assembly checkpoint

The Mad1-Mad2 complex serves as the template to bring in O-Mad2 (depicted as O in
green) which is then converted into C-Mad2 (shown as C in red) by its interaction with
Cdc20 (shown as 20 in orange). The C-Mad2-Cdc20 complex then interacts with
BubR1 (shown as BR1) and Bub3 (shown as 3) to form the MCC. TRIP13 helps to
disassemble this complex thus helping silencing the SAC. On the other hand,
disassembly of MCC releases O-Mad2 which can then be used for conversion back to
C-Mad2 by interacting with Cdc20 and form MCC again. Thus, the action of TRIP13
on MCC results in both activation and silencing of SAC. Some of the proteins are
omitted for clarity. Image modified from (Westhorpe et al. 2011)

Considering that TRIP13 plays a role in the disassembly of MCC, one would
expect an extended SAC signaling in its absence. But paradoxically, deficiency of
TRIP13 leads to an inability of cells to activate the checkpoint even in the presence of
spindle disrupting agents (Ma and Poon 2016; Yost et al. 2017). This observation was
reconciled by a proposal that O-Mad2, formed after extraction of C-Mad2 from MCC
by TRIP13, is recycled back to form additional MCC (Eytan et al. 2014; Varetti et al.
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2011; Musacchio 2015). This proposal was supported by experiments involving a
degron-mediated TRIP13-degradation system to temporally control the TRIP13
expression (Ma and Poon 2018). Thus, by replenishing the levels of O-Mad2 required
for its de novo incorporation in the MCC, TRIP13 also helps in the activation of the
SAC (Figure 1.6). This shows that TRIP13 not only plays a role in the inactivation of
SAC, but also in its activation. The dynamic assembly and disassembly of MCC, by
virtue of the interplay between AAA+ ATPase TRIP13 and HORMA domain-containing
Mad2, is critical for maintaining for the responsiveness of SAC signaling (Varetti et al.
2011; Musacchio and Ciliberto 2012).

1.7.4 AAA+ HORMA proteins during meiotic prophase checkpoint

As mentioned in section 1.6.1A, Pch2 is a meiosis-specific AAA+ ATPase
whose expression starts during early G2/Prophase, reaches the maximum peak
around the pachytene stage and then steadily declines as cells progress into meiosis
(San-Segundo and Roeder 1999). It was first identified as a checkpoint protein
involved in maintaining the checkpoint arrest/delay caused due to the absence of Zip1,
a central component of the synaptonemal complex (San-Segundo and Roeder 1999).
It is to note that depending on the budding yeast strain, deletion of ZIP1 can either
result in a delay of meiotic progression (strains of SK1 background) or a near-complete
arrest at the pachytene stage (strains of BR background). The alleviation of zip71A
induced checkpoint delay/arrest by pch2A results in decreased spore viability
indicating defects in chromosome segregation during meiosis | (San-Segundo and
Roeder 1999). Pch2 has received a lot of attention, in recent times, because of its
involvement in a number of other regulatory processes like chromosome axis
modulation, crossover control, meiotic recombination, Interhomolog bias, suppression
of DSBs, among other functions taking place during meiotic prophase (Vader 2015). It
is now becoming clearer that all these regulatory roles of Pch2 are dependent on its
interplay with a single client protein: Hop1 (Vader 2015). Pch2 and Hop1 form a AAA+

HORMA module and regulate the aforementioned chromosomal processes.

Cytologically, Pch2 localizes to individual chromosomes and to the nucleolar
area (Subramanian et al. 2016). The nucleolar region in budding yeast consists of
~150-200 tandem repeats of 9.1 kb ribosomal DNA. Pch2 is recruited to synapsed

chromosomes in a Zip1-dependent manner (Subramanian et al. 2016; San-Segundo
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and Roeder 1999). Studies from our lab have shown that this recruitment is also
partially dependent on Orc1 (a member of origin recognition complex) and active
transcription (Cardoso da Silva, Villar-Fernandez, and Vader 2020; Villar-Fernandez
et al. 2020). However, the exact molecular mechanisms governing this recruitment is
not very well understood. The chromosomal recruitment of Pch2 enables the active
removal of Hop1 from chromosomal axis (Herruzo et al. 2016; San-Segundo and
Roeder 1999). Pch2 can directly interact with Hop1 and can remove assemblies of
Hop1 from DNA in-vitro (Chen et al. 2014). During early meiosis, Hop1 and Zip1 start
to load onto chromosomes in a foci-like manner which takes the shape of a more
domain-like organization with differential hyperabundances along the chromosomes
during pachynema. Interestingly, in the absence of Pch2, Hop1 and Zip1 largely
colocalize on the chromosomes (Joshi et al. 2009; Borner, Barot, and Kleckner 2008).
However, if and how Pch2 regulates the synaptonemal complex polymerization is still

not completely understood.

In budding yeast, the boundaries of nucleolar region are susceptible to DSBs.
The recruitment of Pch2 to the nucleolar region is associated with its role in protecting
the nucleolar boundaries from Spo11-mediated DSBs (Vader et al. 2011). The
nucleolar region is devoid of SC polymerization, thus distinguishing it from the rest of
chromosomal regions. The recruitment of Pch2 to nucleolar region is thus not
dependent on synapsis; instead, it depends on Orc1, with whom Pch2 forms a
complex, and Sir2 (Vader et al. 2011; Villar-Fernandez et al. 2020). These proteins
help in recruiting Pch2 to these sites, where Pch2 acts on its client: Hop1. Absence of
either Orc1 or Pch2 leads to the appearance of Hop1 in the nucleolar area which
correlates with the formation of DSBs at these sites (Vader et al. 2011).

Pch2 also plays a role in establishing interhomolog bias as cells lacking Pch2
are observed to show an increase in the inter-sister repair (Joshi et al. 2015; Ho and
Burgess 2011). It is proposed that Pch2, along with Tel1, is important for establishing
interhomolog bias during early meiosis when the levels of DSBs are low (Joshi et al.
2015; Ho and Burgess 2011). However, once DSBs cross a threshold level, the Mec1-
dependent pathway gets activated too. Hence, Pch2 and Tel1 are important for
establishing interhomolog bias under limiting DSB levels. A percentage of Pch2 foci
also colocalize with Zip3, a member of Synapsis initiation complex (SIC) (Joshi et al.

2009). Zip3 sites on chromosomes correspond to future crossover sites. Pch2 here is
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thought to play a role in maintaining crossover interference (making sure that two
crossovers are not genetically close to each other). For roles that Pch2 play in either
establishing interhomolog bias or crossover interference, Xrs2, a member of MRX
(Mre11, Rad50 and Xrs2) complex is considered to play the role as a co-factor (Ho

and Burgess 2011). However, the client for Pch2 remains the same: Hop1.

As mentioned earlier, Pch2 was initially discovered as a checkpoint factor, but
further research uncovered paradoxical roles for Pch2 in the meiotic prophase
checkpoint function. Deletion of PCH2 in an otherwise wild type background delays
meiotic progression. The absence of Pch2 leads to a lack of removal of Hop1 from the
chromosome axis. Hop1 plays a central role in relaying the checkpoint signaling
operating during prophase (Wu, Ho, and Burgess 2010; Chuang, Cheng, and Wang
2012; Subramanian et al. 2016). Thus, the increase in the abundance of Hop1 on
chromosomes, in absence of Pch2, is considered to be the reason for this delay. In
contrast, deletion of PCHZ2 in zip1A cells leads to an alleviation of the delay in meiotic
progression caused due to the absence of Zip1 (Herruzo et al. 2016; San-Segundo
and Roeder 1999; Subramanian et al. 2016; Ho and Burgess 2011). Additionally,
deletion of PCHZ2 does not lead to the alleviation of checkpoint arrest caused due to
the absence of Dmc1 recombinase (i.e. Pch2 does not have any effect on arrest
caused due to dmc14) (Ho and Burgess 2011; Wu and Burgess 2006; Hochwagen et
al. 2005). The difference in response of Pch2 to different lesions during meiotic
prophase has led to the proposal that two different checkpoints exist: one that
responds to defects in recombination and one that responds to defects in synapsis,
with Pch2 playing a role exclusively in the synapsis checkpoint (Wu and Burgess
2006). However, both the synapsis and recombination checkpoints are dependent on
DSB formation and are known to be relayed through the activity of Hop1 and eventually
activity of Mek1 (Wu, Ho, and Burgess 2010; Chuang, Cheng, and Wang 2012;
Subramanian et al. 2016). Since Pch2 is known to execute almost all of its known
functions by acting on a single client protein: Hop1, it is not completely understood why
Pch2 would specifically act only in one pathway and not on the other. The rationale
proposed for Pch2’s role in synapsis checkpoint is that its absence allows the DSBs to
be repaired using the sister chromatid as the template in a Rad51 recombinase
dependent manner (Herruzo et al. 2016; Farmer et al. 2012). This preference of inter-

sister repair pathway allows the cells to repair DSBs via sister chromatids as a template
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rather than homologous chromosomes. This is believed to be the explanation for faster
meiotic progression in zipA pch2A double deletes as compared to zipA deletion alone
(Herruzo et al. 2016). To summarize, depending on the lesions responsible for the
activation of meiotic prophase checkpoint, Pch2 can play different roles (Figure 1.8).
Its absence can result in either delay of the meiotic progression, alleviation of the
checkpoint and accordingly, faster meiotic progression or have no role in the meiotic

progression at all.

Diplod parent cell Meiosis |
Unperturbed

Wild type
e ——

»
>

pch2A

Synapsis defects

zip1A

\

zip1A
pch2A

Recombination defects

dmci1A

dmciA
pch2A

Figure 1.8: Paradoxical roles of Pch2 in cellular progression during meiotic
prophase

Image showing different consequences of deletion of PCHZ2 in different conditions on
meiotic progression. The length of the arrow represents the time spent in meiotic
prophase (arrows are not in scale among each other). Under unperturbed conditions,
pch2A delays the meiotic progression. On the contrary, pch2A results in the alleviation
of the meiotic delay caused due to synapsis defects (like zip1A). Additionally, deletion
of PCH2 has no effects on the arrest of meiotic progression caused due to
recombination defects (like dmc1A).
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1.8 Objectives

Pch2 and Hop1 form a AAA+ HORMA module, which acts as the master
regulator of meiotic processes taking place during prophase. The interplay between
Pch2 and Hop1 is responsible for regulating DSBs, establishing interhomolog bias,
crossover control, synaptonemal complex polymerization, regulating checkpoint
activity among others (Vader 2015). Chromosomal axis formation, which encompass
Hop1, is important for synaptonemal complex polymerization. Pch2, in turn, regulates
the chromosomal abundance of Hop1. This raises a question as to whether Pch2 also
plays a role in regulating the SC polymerization. Hop1 is a central player in the meiotic
checkpoint network. Phosphorylation of Hop1 by Mec1/Tel1 kinases are important for
the activation of effector kinase Mek1 (Carballo et al. 2008; Acosta, Ontoso, and San-
Segundo 2011; Chuang, Cheng, and Wang 2012; Niu et al. 2005; Niu et al. 2009; Wu,
Ho, and Burgess 2010). Hop1 is able to transduce the checkpoint signal emanating
from both synapsis and recombination defects (Wu and Burgess 2006; Wu, Ho, and
Burgess 2010). However, Pch2 is thought to play a role in relaying the signal originating

only from synapsis defects.

With the overarching objective of expanding the understanding of Pch2-Hop1

AAA+ HORMA module during the meiotic processes, | aimed to decipher:

e How the interplay between Pch2 and Hop1 regulate the synaptonemal complex
polymerization,

e Why and how, Pch2 is able to differentiate between synapsis and recombination
defects, and finally

e How Pch2 and Hop1 regulate the meiotic checkpoint network.

The ultimate goal of this doctoral work is to establish a unified model which could

explain the seemingly paradoxical roles of Pch2 during meiotic prophase checkpoint.
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Chapter 2
Material And Methods

2.1 Materials

2.1.1 Consumables and chemicals

Unless otherwise mentioned, chemicals and reagents were purchased from
Applied Biosystems, Biorad, Difco, Invitrogen, Merck, New England Biolabs, Promega,
Roth, Roche, Serva, Sigma and VWR. For all methods described, sterile solutions,
deionized sterile water and sterile flasks were used. Important consumables and

chemicals used in this work are listed in Table 2.1

Table 2.1: Important consumables and chemicals

Chemicals, enzymes and reagents

Alpha factor

Bglll and Ascl restriction enzymes
Citric acid
cOmplete Mini, EDTA-free protease inhibitor

D-Sorbitol

ECL prime/select Western Blotting detection
reagent

Formaldehyde, methanol free
Glusulase
Glycerol
Lithium acetate dihydrate
Magnesium chloride
Methanol
Milk powder blocking grade
Midori Green advanced DNA stain
PTFE printed 30-well glass slide
Poly-L-Lysine (0.01%)
Proteinase K
Photo-Flo 200
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Supplier

In-house

New England BioLabs
Sigma-Aldrich
Roche
Sigma-Aldrich

GE Healthcare

Polysciences
Perkin-Elmer
Gerbu Biotechnik
Sigma-Aldrich
J.T. Baker Chemicals
Sigma-Aldrich
Carl Roth
Nippon Genetics
Electron Microscopy Sciences
Sigma-Aldrich
VWR
Kodak
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Chemicals, enzymes and reagents Supplier
Potassium acetate Carl Roth
RNase A Sigma-Aldrich
Sheared Salmon sperm DNA Thermo-Fischer
Sodium azide Sigma-Aldrich
SYTOX Green nucleic acid stain Life technologies
TaKaRa Ex Tag® TaKaRa Bio
Trichloroacetic acid Sigma-Aldrich
Tris Carl-Roth
Tween-20 Applichem
Vectashield mounting medium with 4',6-
Diamidine-2'-phenylindole dihydrochloride Vector Laboratories
(DAPI)
Zymolyase-100T Amsbio
[a-32P]-dCTP Perkin-Elmer
B-Estradiol Sigma-Aldrich

2.1.2 Commercial kits
Commercial kits used in this study are listed in Table 2.2

Table 2.2: Commercial kits

Commercial kits Supplier
QIAquick Gel Extraction Kit Qiagen
QIAprep Spin Miniprep Kit Qiagen
Wizard® SV Gel and PCR Clean-Up system Promega

2.1.3 Antibodies
The primary and secondary antibodies used in this study are listed in Table 2.3

and Table 2.4 respectively.
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Antigen

Flag M2

Hop1

Phospho
Histone H3

Threonine-11

Cdc5 (4F10)

Zip1
GFP (clones
7.1 and 13.1)

GFP

Gmc2

Pgk1

Alpha-Tubulin
(YOL1/34)
Histone H3

Antigen

HRP-conjugated a-mouse

HRP-conjugated a-rabbit

Material And Methods

Table 2.3: Primary Antibodies

Alexa 488-conjugated a-

mouse

FITC-conjugated a-rat

Oriai Dilution s p
rigin upplier
I wB IF PP
Mouse 1:1000
(Monoclonal) : Sigma-Aldrich
(Cardoso da Silva,
Rabbit 1:10000 1:200 Villar-Fernandez,
and Vader 2020)
Rabbit (Polyclonal) 1:1000 Abcam
Mouse ]
1:1000 Médimabs
(Monoclonal)
Santa Cruz
Goat 1:100 _ _
Biotechnologies
Mouse
--- 1:50 Sigma-Aldrich
(Monoclonal)
Rabbit 1:5000 Made in house
(Voelkel-Meiman et
1:20
Mouse al. 2019)
Mouse )
1:5000 - Invitrogen
(Monoclonal)
Santa Cruz
Rat (Monoclonal) 1:100 _ _
Biotechnologies
Rabbit polyclonal 1:1000 Invitrogen
Table 2.4: Secondary Antibodies
Origin Dilution Supplier
Sheep 1:10000 GE/Amersham
Donkey 1:10000 GE/Amersham
Donkey 1:250 Bethyl Laboratories Inc
Donkey 1:200 Jackson ImmunoResearch
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Antigen Origin Dilution Supplier
Alexa 488-conjugated a- )
Donkey 1:500 Bethyl Laboratories Inc
goat
Texas Red (594) dye- _
Donkey 1:500 Bethyl Laboratories Inc

conjugated a-rabbit

2.1.4 Media, buffers and solutions
All types of media, buffers and solutions used are listed with the corresponding

method.

2.1.5 Yeast strains
All yeast strains used in this study are of SK1 background and their genotypes

are listed in Table 8.1 (Appendices).

2.1.6 Oligonucleotides

Synthetic oligonucleotides were used for Polymerase Chain Reaction (PCR)-
based epitope tagging of genes, confirmation of markers associated with genes,
creating genes with different promoters and nested PCR for southern blot experiments.
All oligonucleotides were supplied by Sigma-Aldrich. A list of synthetic oligonucleotides

used in this study are listed in Table 2.5.

Table 2.5: Oligonucleotides

Name Sequence (5’-3’)
GV3, forward PCHZ2-check gcc cgt age cga aat gac tcc
GV9, forward DMC1-check gat att ctt ccc tgg aag cgc
GV10, reverse DMC1-check ata tgg cgt tag gta atg ctc
GV147, YCR047C probe F-out ttg ttt tcg ccg ctg atc
GV148, YCR047C probe R-out gaa gtt ggg caca at atc
GV149, YCR047C probe F-nested gga att ccg aga gaa tcg act tgc taa
GV150, YCR047C probe R-nested gga att cca gec acc agt ggg ctt ttc
GV999, reverse PCHZ2 check gc gcc tee gtt ggt gga tee

aaa tta aaa gaa ata aac tcc gac ttc atc

att aa
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Name Sequence (5’-3))

aca gaa ata atg gat tat agt ttt aag cta

taa ac
GV2510, forward pGAL1-3X-FLAG- tca taa aaa tat tct gat ctc aaa ctg aag
PCH2 tagging aca taa aat aagt%e;t ggxa ttc gag ctc gtt
GV2511, reverse pGAL1-3X-FLAG-
aac cct cag aga tga tcc tcg cac ttg tag
PCH?2 tagging gtc aac tat gta gct tcc acc ccc gece tce

2.1.7 Online tools and softwares
For database search regarding gene and protein sequence, online services
were provided by the Saccharomyces Genome Database

(http://www.yeastgenome.org/). The software listed in Table 2.6 were used for analysis

of data and for preparing figures.

Table 2.6: Softwares

Software Version Supplier
lllustrator CC 2019 2311 Adobe
Photoshop CC 2019 20.0.6 Adobe
Image Lab 5.2.1 build 11 Bio-Rad Laboratories
FlJl/Imaged 2.0.0-rc-69/1.52p National Institutes of Health
Excel 16.16.26 Microsoft
Word 16.16.25 Microsoft
Prism 8 8.3.0 GraphPad Software
SoftWorX 6.1.1 GE Healthcare Life Sciences
Imaris 7.3.4 Oxford instruments
FlowdJo 10.2 FlowJo LLC
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2.2 Microbiological methods

2.2.1 Cultivation and storage of yeast strains

Depending on the experimental procedure, yeast strains were cultivated on
solid or liquid media under non-selective conditions. Liquid media used in this work are
detailed in Table 2.7. For preparation of solid media, liquid media was supplemented
with 2% (w/v) agar. Cells grown on solid media were incubated in HerathermTM
incubators (Thermo Fisher Scientific) at 30°C. Cells grown in pre-sporulation (BYTA)
and sporulation media (SPO) were provided adequate aeration by making sure the
total volume of flask was at least 10 times the volume of media. All liquid yeast cultures
were grown either on an InnovaTM 2000 (New Brunswick Scientific) platform shaker
or on a Multitron® shaker (Infors HT) at 30°C with shaking at 180 rpm.

For selection of yeast strains containing antibiotic resistance markers, G418
(geneticine disulfate) or NAT (nourseothricin) was added to YPD media at 300 and 100
mg/mL respectively and supplemented with 2% agar. For selection of auxotrophic
yeast strains, minimal (MIN) media was supplemented either with amino acids such as
arginine, histidine, leucine, lysine, tryptophan, or with nucleotide precursors such as

uracil and adenine.

For long term storage of yeast strains, cells were grown on a YPG-agar
overnight at 30°C and resuspended in 1 mL of sterile 15% glycerol in a screw cap
microcentrifuge tube. The content of the tube was thoroughly mixed and immediately
frozen at -80°C. YPG-agar plates, containing non-fermentable carbon as the source

media, are used to ensure the proper maintenance of mitochondria.

The frequently used liquid media for growing yeast cultures along with their

composition are listed in Table 2.7.
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Table 2.7: Liquid media for yeast cultures

Final
Media Composition ]
concentration
Bactopeptone 2% (wiv)
Yeast peptone Yeast extract 1% (w/v)

dextrose (YPD) L-Tryptophan 0.015% (w/v)

D-Glucose 2% or 4 % (w/v)
Bactopeptone 2% (wiv)
Yeast peptone Yeast extract 1% (w/v)
glycerol (YPG) L-Tryptophan 0.015% (w/v)
Glycerol 3% (v/v)
Yeast extract 1% (w/v)
Pre-sporulation Bactotryptone 2% (w/v)
Buffered-YTA (BYTA) Potassium acetate 1% (w/v)
Potassium phthalate 50mM
Potassium acetate 0.3% (w/v)
Sporulation (SPO) _ _
Acetic acid 5% (v/v)

Difco yeast nitrogen without AA and
o AS Ammonium sulfate
Minimal (MIN) nositol
nosito

D-Glucose

0.15% (w/v)
0.5% (w/v)
2 mM
2% (wiv)

2.2.2 Polymerase Chain Reaction

Polymerase Chain Reaction (PCR) is used to amplify fragments of DNA. This
technique relies on the thermostable polymerase and requires DNA primers for the
amplification of the region of interest. In this study, PCR was used to amplify DNA
templates for transformation of Saccharomyces cerevisiae in order to perform genetic
micromanipulations. The temperature for primer annealing and time for elongation
steps were adjusted according to the primer composition and template length,
respectively. A standard PCR mix for a total reaction volume of 50uL and a standard

thermal cycling program for PCR are shown in Table 2.8 and Table 2.9 respectively.
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Table 2.8: PCR mix (50uL total volume)

Component Volume
60-100ng DNA template 1ul
20uM forward primer 2.5uL
20uM reverse primer 2.5uL
10mM dNTPs 4uL
10x ExTaq buffer S5ulL
TaKaRa Ex Taq polymerase 0.4ulL
Deionized water 34.6uL

Table 2.9: Thermal cycling program for PCR

Reaction step Temp (°C) Time (s)
1. Initial Denaturation 94 120
2. Denaturation 94 60
3. Primer annealing 55 30
4. Elongation 72 60 (Loop back to step 2 for 30 cycles)
5. Final Elongation 72 120
6. Hold 4 ©

2.2.3 Agarose Gel Electrophoresis

The method of agarose gel electrophoresis is employed to separate nucleic acid
molecules depending on their molecular size. Upon application of electric current
across the agarose gel, the negatively charged DNA molecules migrate towards the
anode with lower sized DNA molecules migrating faster. The separated DNA
fragments are visualized under ultraviolet light using fluorescent DNA intercalating dye.
In this doctoral work, most of the gel electrophoresis was carried out using 1% (w/v)
agarose gels, except when purification by gel extraction was done, for which 0.8%
(w/v) agarose gels were used. Agarose gels were prepared by dissolving agarose in
1x TAE buffer and adding Midori Green advanced DNA stain (Nippon Genetics) at
1:25000 dilution. Prior to loading the samples on the gel, they were mixed with DNA

loading dye. Electrophoresis was carried out in Agarose gel system (Carl Roth) at 100V
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with 1x TAE as the electrolyte. Composition of buffers used in agarose gel

electrophoresis is provided in Table 2.10.

Table 2.10: Solutions for agarose gel electrophoresis
Name Composition
50mM Tris, 57.1mL glacial acetic acid,
500mM EDTA pH 8, fill up to 1L with H2O
0.4% (w/v) Orange G, 30% (v/v) glycerol,
10mM Tris- HCI, 25mM EDTA

TAE (50x)

DNA loading dye (6x)

2..2.4 DNA Extraction from gels
Extraction of DNA from the agarose gels was carried out using the Gel

Extraction and PCR purification kit as per manufacturer’s instructions (Table 2.2).

2.2.5 Transformation of competent bacterial cells

50uL of chemically competent E. Coli OmniMax cells (provided by Department
of Protein Facility, Max Planck Institute of Molecular Physiology, Dortmund) was
thawed on ice and 100ng of DNA added. The suspension was gently mixed and
incubated on ice for 30min. Cells were then heat-shocked at 42°C for 45 sec and
immediately kept on ice for 2 mins. 300uL of liquid Luria-Bertani (LB) media was added
and kept at 37°C for 40mins at constant shaking. The transformation mix was then
platted onto a LB-agar plate containing appropriate antibiotic selection. The

composition of LB-media and LB-agar is provided in Table 2.11.

Table 2.11: Media for bacterial growth

Name Composition
_ 10 g/L Bacto-tryptone, 5 g/L yeast extract, 10 g/L
LB-medium
NaCl Autoclaved, pH 7.4
LB-agar LB-medium + 1.5% (w/v) Bacto Agar

2.2.6 Plasmid isolation from bacterial cells
Plasmid isolation from bacterial cells was performed using the mini-prep

plasmid isolation kit (Table 2.2.) according to manufacturer’s instructions.
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2.2.7 Genomic DNA isolation, digestion and Southern Blotting

10mL of meiotic cultures were collected at desired time points, centrifuged at
3000rpm for 3 minutes and stored at -20°C. All the samples were processed together
after collection of the last time point. Pellets were resuspended in spheroplasting buffer
supplemented with B-mercaptoethanol and 250pg/mL Zymolyase 100T and
spheroplasted for 45 minutes at 37°C. Lysis of spheroplasts was done by addition of
100uL of lysing buffer and incubation at 65°C for 2 hours. Lysates were centrifuged at
14000 rpm for 20 minutes at 4°C, and supernatant was then added to 750uL of 100%
ethanol. The precipitate was centrifuged at 14000 rpm for 20 minutes at 4°C and the
pellet was resuspended in 750uL TE containing 50ug/mL of RNase A (Sigma Aldrich)
by incubation at 37°C for 30 minutes followed by incubation at 4°C for 14 hours. Next
day, 500uL of phenol/chloroform/isopropanol (25:24:1; Carl Roth) was added to the
samples and gently mixed by inverting the microfuge tubes 60 times. The mixture was
centrifuged at 14000 rpm for 10 minutes at 4°C and 600uL of the upper transparent
phase, which contains DNA, was added to 750uL of isopropanol. The suspension was
centrifuged at 14000 rpm for 10 minutes at 4°C, washed with 70% ethanol and
centrifuged again at the same conditions to recover DNA. DNA was resuspended in
125uL TE.

30puL of 10x NEB buffer (homemade without BSA) and 232.5uL of water were
added to 35uL of genomic DNA and digested by incubation at 37°C for 4 hours after
addition of 2.5puL of Hindlll restriction enzyme (NEB). Digested DNA was subjected to
precipitation by addition of 25uL 3M NaOAc, pH 5.5 and 650uL ethanol and incubating
the mixture at -20°C for 30 minutes. Precipitated DNA was centrifuged at 14000 rpm

for 10 minutes at 4°C and the pellet was resuspended in 15uL TE.

Prior to agarose gel electrophoresis, 5uL of loading buffer was added to
resuspended DNA. The gel electrophoresis was performed in an Owl A2-BP large gel
system (Thermo Fisher Scientific) on a 0.6% SeaKem LE agarose (Lonza) gel for 16
hours at 70V with TBE buffer as electrolyte. The gel was stained in an Ethidium
bromide bath for 30 minutes at room temperature and DNA visualized by UV light. The
agarose gel was then incubated with 0.25M HCI for 40 minutes with gentle shaking
followed by denaturation of DNA by incubation with 0.4M NaOH for 35 minutes. On an
inverted gel tray in the Owl A2-BP large gel system, 20x35 cm of Whatman filter paper
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was placed and the wick was wetted with 0.4M NaOH. Two gel-sized pieces of
Whatman paper soaked in NaOH were then placed on the wick followed by placing the
gel and a HybondXL membrane (GE Healthcare) pre-soaked in water on top. Two
more Whatman papers were placed on the membrane and surrounded by Parafilm on
the edges. 20 paper towels were placed on top and the whole apparatus was left
overnight to achieve sufficient transfer of DNA. Next morning, the membrane was
washed in 50mM sodium phosphate buffer, pH 7.2 for 30 minutes. Membranes were
pre-hybridized with 20mL of hybridization solution and 300uL of denatured salmon
sperm DNA for at least 30 minutes at 65°C in an HB-1000 hybridization oven (Analytik).
DNA probe YCR047C (Chromosome IlI; 209361-210030), amplified from genomic
DNA by nested PCR with primers GV147/GV148 and GV149/GV150, was labelled with

[cx-32P]-dCTP (Perkin Elmer) using the Prime-It RmT Random Primer labeling Kit
(Agilent technologies). Labelled probes, after purification using illustra ProbeQuant G-
50 Micro column (GE Healthcare), were denatured for 10 minutes at 95°C and
subsequently cooled to 4°C. Denatured probe was hybridized with the membrane at
65°C for 14 hours. This was followed by the wash of membrane once with 120mL low
stringency SSC buffer for 15 minutes and once with 120mL of high stringency SSC
buffer for 30 minutes at 65°C. Typhoon TRIO imager (GE Healthcare) was used to
quantitate the hybridization signal and DNA double-strand breaks were quantified
using Fiji/lmaged software. Composition of buffers used in this assay is provided in
Table 2.12.
Table 2.12: Buffer compositions for DNA isolation, digestion and Southern blotting
Name Composition
1M Sorbitol, 42mM KoHPO4, 8mM

Spheroplasting Buffer
KH2PO4, 5mM EDTA

Lysing Buffer 0.5M Tris pH 8, 0.25M EDTA, 3 %SDS
TE 10mM Tris pH 8, 1 mM EDTA
0.25mM Sodium Phosphate pH 7.2,
Hybridization solution 0.25M NaCl, 1mM EDTA, 7 % SDS,

5% Dextran Sulphate
0.3M NaCl, 30mM Sodium citrate,
0.1 % SDS
15mM NacCl, 1.5mM Sodium citrate,
0.1 % SDS

Low stringency SSC buffer

High stringency SSC buffer
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2.2.8 Construction of yeast strains

2.2.8A Yeast DNA transformation

Prior to DNA transformation, yeast cells were made competent for
transformation by treating them with Lithium acetate (LiAc). In this method, cells were
prepared and suspended in a LiAc solution, along with the DNA to be transformed and
an excess of carrier DNA. Polyethylene glycol (PEG) was added and the yeast cells
then incubated at 30°C, followed by a heat-shock at 42°C that allows the DNA to enter
the cells.

A yeast pre-culture was prepared by inoculating 50mL of liquid YPD media with
desired yeast strain growing on a YPD plate. The pre-culture was grown overnight to
saturation at 30°C at 180rpm shaking in a Multitron® shaker (Infors HT). Next morning,
cells were diluted 1:50 in fresh liquid YPD media. Yeast culture was grown till ODeoo
reached 0.6-0.8 (for ~4 hours) and cells harvested by centrifugation at 3500 rpm for 5
minutes at room temperature. Supernatant was removed and cells were washed two
times with 500uL LiAc-Sorbitol solution (1M LiAc,1M Sorbitol). Cells were then
resuspended in 500uL LiAc-Sorbitol solution. The transformation mix was set up in a
microfuge tube by adding 20uL of DNA, 15uL of Salmon sperm DNA (after heating at
95°C for 5 minutes and cooling on ice), 280uL of 50% PEG4000, and 100puL of cell
suspension. The transformation mix was vortexed well and incubated at room
temperature for 45 minutes with constant rotation. 40puL of DMSO was added to each
sample and incubated at 42°C for 15 minutes. If the transformation construct contained
drug resistance markers then 1mL of YPD was added to cells and incubated at 30°C
for 2 hours with constant shaking. For auxotrophic markers, samples were immediately
centrifuged at 3500 rpm for 5 minutes at room temperature, resuspended in 300uL

YPD and plated on desired agar plates.

2.2.8B Deletion mutants and epitope tagging by homologous recombination
PCR-based strategy was employed to create all deletion mutants and for
epitope tagging of endogenous genes (Longtine et al. 1998; Knop et al. 1999). For this
method, PCR products were used to transform competent yeast cells. To allow
homologous recombination with the endogenous locus of a gene, PCR products were
generated using primers that contain sequences for amplification of special cassettes

(including the marker gene) as well as sequences complementary to the gene of
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interest. For gene deletions, the forward primer contains 45bp of the promoter
sequence %' of the start codon (ATG) of the respective gene, while the reverse primer
includes 45bp of the terminator sequence 3' of the stop codon. For C-terminal epitope
tagging of a gene, a forward primer containing 45bp 5' of the stop codon were used
instead. PCR products were purified and concentrated after amplification using ethanol
precipitation, and competent yeast cells transformed and plated on selection plates.
The correct recombination was confirmed by diagnostic PCR using specific

oligonucleotides (Table 2.5) for gene deletions and Western blot for epitope tagging.

2.2.8C Construction of an inducible FLAG-PCH2 strain

The GAL7-promoter drives robust gene expression when bound by Gal4
transcription factor. The GAL7-promoter was used to create the inducible system of
expression of N-terminally FLAG-tagged PCHZ2. The GAL4 was fused to a domain of
the estrogen receptor (ER), which sequesters the Gal4-ER protein in the cytoplasm.
B-estradiol binds to the ER domain of Gal4-ER and facilitates its translocation from the
cytoplasm to the nucleus (Benjamin et al. 2003; Louvion, Havaux-Copf, and Picard
1993)

For estradiol-dependent induction of PCH2, a pGAL7-promoter fusion
with SXFLAG-6XGLY-PCH?2 was made as follows: a construct
containing pGAL 1 along with a 3xFLAG epitope and 6x Glycine linker flanked with Bglll
and Ascl (Bglll-pGAL-3xFLAG-6xGLY-Ascl; pGV867) restriction sites were custom
synthesized into pUCS57 plasmid by Genewiz Inc. The construct was recloned into a
pFA6Ga-based precursor plasmid carrying HISSMX (pFA6a-His3MX6-PGAL1-
3XFLAG-6GLY; pGV876) Standard PCR-based one step promoter replacement
strategy was employed using this construct as the template and primers (GV2510) and
(GV2511).

2.2.8D Mating of haploid S. cerevisiae strains

Diploid yeast strains were generated by mating two haploid strains of the
opposite mating type (MATa and MATa) on the YPD-agar plates. Cells from the two
haploids were scraped with a sterile toothpick from a YPD plate, with more cells from
the MATa mating-type than MATa. Next day, the mating mixture was streaked onto a

YPD-plate containing well-spread a-factor (10 pg/ml). After two days at 30°C, single
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shiny colonies were picked and patched onto a YPD-agar plate and grown overnight
at 30°C. Diploid strains were selected from haploid cells by replica plating onto minimal
(MIN) agar plates. Yeast cells were replica-plated onto MIN plates and MIN plates with
600uL of MATa/lMATa yeast cells (tester strains) suspended in liquid YPD media
evenly spread. Plates were grown overnight at 30°C. This approach is based on the
ability of the tester strains (which contain a single auxotrophic marker) to complement
the nutritional requirements of strains of the opposite mating type. This nutritional
deficiency is complemented by the uncharacterized strains, which cannot grow on MIN
plates due to auxotrophy. Diploid strains are distinguished by their inability of growing
in any of the MIN / MIN plus tester strain plates (unless the resultant diploid strain

contained all the markers that confer prototrophy).

2.2.8E Determination of mating type

Tester strain of known mating type containing single auxotrophic requirement,
not present in other strain, was employed to know the mating type of uncharacterized
strains. The genetic deficiency in the tester strain prevents it from growing on MIN
plates. To know the mating type of an uncharacterized strain, a small amount of tester
strain was resuspended in 200uL of YPD and evenly spread on a MIN plate.
Uncharacterized strains were replica plated on it. Since uncharacterized strains
themselves contained one or more auxotrophic mutations, only diploids resulting of
mating between opposite mating types could grow on MIN plates. Growth on plates
supplemented with MATa tester strain indicated that the uncharacterized strain was of

MATa mating type, and vice versa.

2.2.9 Growth conditions for synchronous meiosis

For yeast growth, cells were always incubated at 30°C, unless otherwise
mentioned. For synchronous entry of cells into meiosis, desired yeast strains were first
patched on YPG-agar plates from glycerol stocks and grown overnight in a Heratherm
incubator (Thermo Scientific). Cells were then transferred from YPG-agar to YPD-agar
plates and again grown overnight. On the following day, liquid YPD media was
inoculated with cells growing on YPD-agar plate and cells grown till saturation,
generally for 24 hours at constant shaking at 180rpm. Cells were then diluted to ODeoo
of 0.3 in pre-sporulation BYTA media and grown for 16-18 hours with constant shaking

of 180rpm in a Multitron incubator (Infors HT). Cells corresponding to ODego of 1.9 were
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then centrifuged, washed twice with water and resuspended in sporulation (SPO)
media. Meiotic samples were collected at desired time points. The point of

resuspension in SPO media was considered time t=0.

For experiments with estradiol dependent induction of FLAG-PCH?2, B-estradiol
to a final concentration of 1uM was added to the meiotic SPO culture at the desired

time point to induce the expression of the protein.

2.2.10 Dissection of tetrads

Dissection of tetrads was done to obtain yeast strains with desired genotypes
or to perform spore viability tests. Tetrads were obtained 24 hours after the induction
of meiosis in SPO media. Samples for dissection were prepared by collecting 150uL
of meiotic culture and adding an equal volume of Zymolyase 100T (10mg/mL) followed
by incubation at 37°C for 20-30 minutes. 500uL of water was added to the sample and
60uL of diluted culture was then placed in a line at the center of YPD-agar plate. Yeast
strains were dissected using a dissection microscope (Nikon Eclipse Ci, Schuett-
biotec). The YPD-agar plated were then incubated at 30°C for growth of the dissected

spores.

2.3 Biochemical techniques

2.3.1 Sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS-
PAGE)

SDS-PAGE is a method used to quantitively analyze protein mixtures. In this
method, SDS containing loading buffer is added to the samples. SDS denatures
proteins and confers a net negative charge by binding uniformly along the length of the
polypeptide chain. Prior to loading samples in the polyacrylamide gels, the samples
are heated at 95°C for 5 mins. Heating the samples disrupts higher-order protein
structures thereby facilitating the uniform binding of SDS. The samples are then
subjected to the application of an electric field across the polyacrylamide gel. This
causes the negatively charged polypeptides to move towards the anode and hence
allows the separation of the proteins according to their molecular weight.
Electrophoresis was performed in an electrophoresis chamber (Bio-Rad) at 100-120V

in 1x SDS-running buffer for 1.5-2 hours. The choice of the polyacrylamide
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concentration to be used depends on the molecular weight of the protein to be
analyzed. SDS-PAGE resolved proteins were used for further analyses by western
blotting. For most experiments in this doctoral work, 10% (v/v) gels were prepared
except when expression of Histone H3 or phospho-Histone H3 Threonine-11 was
checked. In these cases, 15% (v/v) gels were used. The recipe for preparation of 5mL
and 10 mL of stacking and resolving gels, respectively, is provided in Table 2.13 and
composition of buffers used in SDS-PAGE is provided in Table 2.14.

Table 2.13: Composition of SDS-PAGE gels

Resolving Resolving Stacking
Component
gel (10%) gel (15%) gel (5%)
Water 4mL 2.3 mL 3.4 mL
30% acrylamide/
0.8% Bisacrylamide mix 3.3mL 5mL 0.83 mL
1.5M Tris pH 8.8 2.5mL 25mL -
1M TrispH6.8 e 0.63 mL
10% SDS 0.1mL 0.1 mL 0.05 mL
10% ammonium persulfate
0.1 mL 0.1 mL 0.05 mL
(APS)
Tetramethylethylenediamine
0.004 mL 0.004 mL 0.005 mL
(TEMED)

Table 2.14: Buffer compositions for SDS-PAGE
Name Composition
25mM Tris-HCI, 192mM Glycine, 0.1%
SDS (w/v)
5mM EDTA, 60mM Tris-HCI pH6.8,
250mM DTT, 15% (w/v) SDS, 30%(v/v)

glycerol, 0.1%(w/v) bromophenol blue

SDS running buffer

SDS loading buffer (5x)

2.3.2 Western Blotting
Western blotting is performed to detect the presence of specific proteins within
a mixture. The negatively charged proteins from SDS-polyacrylamide gel are

transferred to a positively charged nitrocellulose membrane (BioTraceNT nitrocellulose
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membrane; Pall corporation) by the application of an electric current across the
western blot transfer apparatus (Mini-PROTEAN Il Cell, BioRad). The wet transfer was

performed at 350mA at 4°C for 90 minutes in western transfer buffer.

After completion of the transfer of proteins, the nitrocellulose membrane was
blocked using 5% (w/v) skimmed milk in Phosphate Buffered Saline 0.1% Tween
(PBS-T) for 45 minutes at room temperature on a rocking platform See-saw SSL4
(Stuart See-saw rockers, Cole Parmer). For the immunoblot of proteins using
phosphorylation-specific antibodies, 5% (w/v) bovine serum albumin (BSA) in Tris
buffered Saline 0.1% Tween (TBS-T) was used. Blocking of the membrane was
followed with an incubation using the appropriate dilution of the primary antibody in 5%
(w/v) milk or 5% (w/v) BSA overnight at 4°C. The membrane was then subjected to 3
washes of 15 minutes each with either PBS-T or TBS-T to remove remaining traces of
primary antibody. This was followed by incubation of the membrane with the
appropriate dilution of the horseradish peroxidase (HRP)-conjugated secondary
antibody. The membrane was again washed for 20 minutes with either PBS-T or TBS-
T for 3 times. Chemiluminescence with ECL Prime or ECL Select Western Blotting
Detection Reagent (GE Healthcare) was used according to manufacturer’s instructions
to detect the protein signal on the membrane. Images were acquired using ChemiDoc
MP Imaging System (BioRad). Composition of buffers used for western blotting

procedure is shown in Table 2.15.

Table 2.15: Buffer compositions for Western Blotting
Name Composition
Western transfer buffer  25mM Tris, 190mM Glycin, 10%(v/v) Methanol
Phosphate Buffered 137mM NaCl, 2.7mM KCI, 10mM NazHPO4, 2mM
Saline KH2PO4
Tris Buffered Saline 25mM Tris-HCI pH 7.4, 137mM NaCl, 2.7mM KCI

2.3.3 Chromatin fractionation assay

Chromatin fractionation assay was employed to differentiate between the
chromosomal and non-chromosomal pool of proteins by performing standard western
blotting technique. For performing this assay, 100mL of meiotic culture was collected

at the desired time points and cells were harvested by centrifugation at 3000rpm for 3

44



Material And Methods

minutes. Cell pellets were washed once in Buffer A and then resuspended in 1mL of
buffer B. Zymolyase T100 was added to a final concentration of 1mg/mL and cells were
spheroplasted for 30 minutes at 37°C. Spheroplasted cells were collected by
centrifugation at 2000 rpm for 5 minutes and washed once with 1.2M Sorbitol. Cells
were then resuspended in 250uL buffer C and incubated on ice for 5 minutes. At this
point, 50uL of total lysate was collected, and remaining suspension was centrifuged at
14000 rpm for 20 minutes at 4°C. The supernatant, corresponding to the soluble
fraction, was collected and the pellet was washed twice with 300uL of buffer C. Pellet
was resuspended in 200uL buffer C; this suspension corresponded to the chromatin
fraction. All the fractions were precipitated by adding 10% trichloroacetic acid and
incubating on ice for 30 minutes. Precipitated protein samples were centrifuged at
14000rpm for 15 minutes at 4°C and washed with 1mL ice-cold 100% Acetone. Pellets
were resuspended in resuspension buffer and analyzed by SDS-PAGE followed by
western blotting. The composition of all the buffers used in this protocol is listed in
Table 2.16.

Table 2.16: Buffer compositions for chromatin fractionation assay

Name Composition
Buffer A 150mM NaCl, 50mM NaF, 10mM EDTA, 1mM NaN3
Buffer B 100mM Pipes pH6.9, 1mM EGTA, 1mM MgCl., 1.2M Sorbitol

25mM MOPS pH7.2, 15mM MgClz, 15mM EGTA, 1.2M Sorbitol,
0.5% Triton X-100, 1mM dithiothreitol, 60mM B-glycerophosphate,
With freshly added:
0.2 mM NaszVOs, TmM PMSF, 1 Complete Mini EDTA-free (Roche)
pil/10 ml, Protease Inhibitor-Mix HP Plus (Serva), and 1 PhoSTOP
(Sigma-Aldrich) pil/10 ml

Buffer C

Resuspension _
7M Urea, 2% SDS, 50mM Tris pH7.5
buffer
2.3.4 Trichloroacetic acid precipitation of native yeast extracts
For preparation of total cell extracts, 3mL of meiotic samples were collected at

the indicated time points and cells harvested by centrifugation at 3000rpm for 5 mins
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in a tabletop centrifuge (Centrifuge 5810R, Eppendorf, Hamburg, Germany). Cells
were then immediately frozen at -20°C and all samples were processed together after
collecting the last time point. Cell pellets were treated with 5mL of ice-cold 5%
trichloroacetic acid (TCA) and incubated on ice for 10 min followed by centrifugation
for 3 min at 4 °C, 3000 rpm. Cells were washed with 1 ml of ice-cold acetone and the
pellet was air-dried overnight in the hood. Completely dried pellets were resuspended
in 200uL Tris-DTT buffer (Tris pH 7.4, 50mM EDTA, 5mM dithiothreitol) and lysed
using glass beads on a FastPrep-24 5G (MP Biomedicals). 50uL of 5X-SDS loading
buffer was added and samples boiled at 98°C for 5 mins. Samples were then subjected
to standard SDS-PAGE, and western blotting techniques, followed by incubation of

samples with antibodies.

2.3.5 Co-Immunoprecipitation from native yeast extracts
Co-immunoprecipitation (Co-IP) experiment was performed to investigate
protein-protein interaction. At the desired time point, 100mL of meiotic culture was
collected and cells harvested by centrifugation at 3000 rpm for 3 minutes. Cells were
washed with ice-cold water and pellets were either snap-frozen in liquid nitrogen for
later use or processed immediately. Pellet was resuspended in 200uL Co-IP lysis
buffer supplemented with protease inhibitors, and cells broken with acid-washed glass
beads (Sigma Aldrich) using bead beater (FastPrep24, MP Biomedicals) two times for
60 seconds at speed 6. Samples were cooled on ice for 5 minutes in between the two
runs. The lysate was centrifuged at 500 rpm for 1minute at 4°C and supernatant
transferred to a fresh microfuge tube. Chromatin in the lysate was sheared by
sonication two times by constant pulses of 15 seconds each using Branson Sonifier
450 at setting 2. The sonicated lysate was subjected to high-speed centrifugation at
15000 rpm for 20 mins at 4°C. Supernatant was then transferred to a new microfuge
tube and 50uL of the supernatant collected as input. The remaining suspension was
incubated with 1uL of a-HA antibody for 3 hours with continuous rotation at 4°C. After
antibody incubation, 25uL of washed magnetic Dynabeads protein G (Invitrogen) were
added to the lysate and incubated for three hours with constant rotation at 4°C. The
beads were then spun down at 1000rpm for 2 minutes at 4°C and washed three times
with 500uL lysis buffer. Beads were resuspended in 50uL of 5X SDS-loading buffer
(Table 2.16). The input samples were subjected to TCA precipitation by addition of

10% TCA, followed with a wash with ice-cold 100% acetone. The pellet was
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resuspended in 50uL resuspension buffer (Table 2.16). Samples were then subjected
to SDS-PAGE, followed by western blotting.
Table 2.17: Lysis Buffer composition for Co-IP assay
Name Composition
50mM Tris-HCI pH 7.4, 150mM NaCl, 1% Triton X-100,
1mM EDTA with freshly added:
1mM PMSF, 1 Complete Mini EDTA-free (Roche)
pil/10ml, and Protease Inhibitor-Mix HP Plus (Serva)

Co-IP lysis buffer

2.4 Cell biological techniques

2.41 Flow cytometry

The method of flow cytometry was employed to assess the DNA content and
infer the synchronized cell cycle progression of the meiotic cultures. In this method,
150puL of the meiotic culture was collected generally at 0, 3 and 4 hours post-induction
of meiosis and fixed for at least 2 hours by addition of 350uL of 100% ethanol. Fixed
samples were centrifuged at 7000 rpm for 2 min and cells incubated with 500uL 50mM
sodium citrate with 0.7uL RNase A (30mg/mL; Sigma-Aldrich) for a minimum of 2 hours
at 50°C. 10uL of Proteinase K (20mg/mL; VWR) was added and cells incubated at
50°C for a minimum of 2 hours again. DNA was stained by adding 500uL of 50mM
sodium citrate containing 0.2uL of SYTOX Green (Life technologies). Prior to analysis
on the BD Accuri C6 flow cytometer (BD Biosciences), samples were subjected to
sonication for 10 seconds at the lowest output on a Branson sonifier 450 to disrupt cell

clumps. The FlowJo software was used to analyze the DNA histograms.

2.4.2 Surface spreading of chromosomes and immunofluorescence

To investigate the chromosomal localization of proteins, meiotic chromosomes
were surface spread on glass slide and the desired proteins visualized by performing
indirect immunofluorescence. At desired time points, 2mL of meiotic culture was
collected, 1% sodium azide added and stored on ice. All samples were processed
together after collection of the last time point. The meiotic culture was centrifuged at
2200 rpm for 2 minutes and cells were treated with 500uL of 200mM Tris pH7.5

containing 20mM dithiothreitol (DTT) for 2 min at room temperature. Cells were then
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subjected to spheroplasting for 20 minutes at 30°C using spheroplasting buffer. The
spheroplasts were then gently washed with 1mL ice-cold MES-Sorbitol solution by
inverting the microfuge tube multiple times. After two washes, cells were resuspended
in 55uL of the MES-Sorbitol solution. 20uL of the resuspended spheroplasts was
placed on ethanol cleaned and air-dried glass slides. 40uL of the fixing solution was
added to the cells on slide, and 80pL of 1% Lipsol was immediately added to it. The
contents were gently mixed. After one minute, 80pL of the fixing solution was added
and the contents on the slide were spread using a clean glass rod to mechanically
spread the chromosomes. The samples were kept overnight in a flow hood to dry and
then either stored at -20 °C for future use or processed immediately for
immunofluorescence. To perform immunofluorescence, slides were gently washed
with 0.4% (v/v) Photoflo (Kodak) diluted in PBS for 3 minutes followed by a wash with
PBS for 5 minutes in Coplin jars. The samples were then blocked with 5% (w/v) BSA
in PBS for 15 minutes at room temperature. Incubation with desired primary antibodies
at appropriate dilution was performed overnight in a humidified chamber at 4°C. The
slides were then washed two times with gentle shaking for 10 minutes each with PBS.
This was followed by incubation of the samples with fluorescent-conjugated secondary
antibody at appropriate dilution for 3 hours at room temperature. The slides were
washed twice and mounted with glass coverslips using 20ul of Vectashield mounting
media containing DAPI (Vector Laboratories). For both, primary and secondary
antibody incubations, parafilm was used instead of coverslips. The composition of all

the solutions used in chromosome spread assay is shown in Table 2.18.

Table 2.18: Buffer compositions for meiotic chromosome spreads
Name Composition
Spheroplasting buffer 1M Sorbitol, 2% potassium acetate, 0.13ug/uL zymolyase
1M Sorbitol, 0.1M MES pH6.4,
1mM EDTA, 0.5mM MgCl2

Fixing solution 3% paraformaldehyde, 3.4% sucrose

MES-Sorbitol solution

2.4.3 Whole-cell immunofluorescence
Whole-cell immunofluorescence was performed to investigate the entry of cells
into meiosis | by visualizing the spindle morphology at different time points during

meiotic progression. For performing immunofluorescence, 300 puL of meiotic culture
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was collected at the desired time points and treated with 1% sodium azide. All samples
were processed together after collection of the last time point. Cells were harvested by
centrifugation at 3000rpm for 3 minutes and fixed overnight by resuspension in fixing
solution. Next day, cells were washed 3 times with 0.1M K2HPO4, pH6.4 and
resuspended in 1mL 1.2M sorbitol-citrate solution. Cells were centrifuged and
resuspended in 200uL of 1.2M sorbitol-citrate solution. 20uL of glusulase (Perkin
Elmer) and 6pL of Zymolyase were added to it and cells were spheroplasted for 2
hours at 30 °C with gentle rotation. After spheroplasting, cells were washed once with
1.2M sorbitol-citrate solution and resuspended in 30uL of the same. In the meantime,
wells of a PTFE-printed glass slide were treated with 5uL of 0.01% poly-L-Lysine
(Sigma Aldrich) for 10 mins and washed once by immersing the slide in a Coplin jar
filled with distilled water. 5 yL of cells were then allowed to settle down on a poly-L-
lysine treated dried well of the glass slide for 10 minutes. Excess liquid was removed
and samples were treated with ice-cold methanol for 3 minutes immediately followed
by a 10 seconds treatment with ice-cold 100% acetone. Glass slides were air-dried
completely and samples incubated with 4 yL of a-Tubulin antibody at appropriate
dilution for 90 minutes. Wells were washed thrice with PBS by placing a 5uL drop of
PBS on the well and removing it carefully making sure the pipette tip does not touch
the well. This was followed by a one-hour incubation with 4uL of FITC-labelled
secondary antibody at appropriate dilution. Samples were again washed 4 times with
PBS in the same manner as before. Finally, coverslips were mounted using 1uL per
well of Vectashield mounting media containing DAPI (Vector Laboratories) for staining
DNA. Cell cycle progression was checked by counting cells showing separated spindle
poles by using tubulin stained samples. A minimum of 200 cells were counted for each
time point. Compositions of all the solutions used in whole-cell immunofluorescence

assay are shown in Table 2.19.

Table 2.19: Buffer compositions for whole-cell immunofluorescence
Name Composition
Fixing solution 3.7% formaldehyde, 0.1M KoHPO4 pH6.4
Sorbitol-citrate solution  1.2M sorbitol, 0.1M K2HPO4, 0.04M citric acid
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2.4.5 Microscopy and cytological analysis

Images of the meiotic surface spread chromosomes were acquired using 100x
1.42 NA PlanApo-N objective (Olympus) on a DeltaVision imaging system (GE
Healthcare) equipped with an sCMOS camera (PCO Edge 5.5) at room temperature.
In general, 10 images of serial z-stacks with 0.2 ym thickness were obtained and
deconvolved using SoftWoRx software. Quantifications for Zip1, Hop1 and Gmc2
intensity on the images of surface spread chromosomes were done using Imaris
software (Bitplane). To identify the DNA, the ‘Surface’ function was applied to the
deconvolved raw images on DAPI channel. Values corresponding to the sum total
fluorescence intensity of all the channels and volume within the surface selected were
obtained. The ‘Spots’ function was used to calculate the background. Three spots were
manually placed in a region that lacked DNA. The average background intensity was
adjusted for volume. This value was subtracted from the chromosomal intensities
corresponding to values of respective proteins in order to obtain a sum of total
fluorescence intensity corrected for the background. Scatter plots were generated
using Prism 8 (GraphPad). Statistical significance was determined by performing
Mann-Whitney U-test. For representative images, Fiji/lmagedJ software was used to

obtain maximum intensity projection images.
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Chapter 3
Results

During meiotic prophase, chromosomal processes like recombination and

synaptonemal complex (SC) assembly ensure the necessary tight association
between homologous chromosomes. Polymerization of the SC, of which Zip1 forms
the central component, is a marker of progression through meiotic prophase. It leads
to the synapsis of homologous chromosomes and is indispensable for the faithful
segregation of chromosomes. SC is scaffolded onto the chromosome axis which is
decorated with stretches of Hop1. SC polymerization is also required for the
recruitment of Pch2 to the chromosomal regions (apart from the nucleolar region).
Chromosomal Pch2 actively removes Hop1 from the axis sites and thus modulates the
abundance of Hop1 on chromosomes. The requirement of chromosomal axis for SC
establishment and the function of Pch2 in regulating axis composition raises a question
as to whether Pch2 also plays a role in regulating SC assembly. Therefore, | initially
aimed to explore the role of Pch2 in SC assembly by investigating the functional

relationship between Pch2, Hop1 and Zip1.

3.1 Pch2 restricts higher chromosomal abundance of Zip1

With the aim to understand if SC polymerization is regulated by Pch2, |
performed indirect immunofluorescence on surface spread of meiotic chromosomes in
strains that are wild type or lack PCH2. For examining the levels of SC polymerization,
a functional GFP-tagged allele of ZIP1 (White et al. 2004) was utilized. Pch2, Hop1
and most of the components of SC, including Zip1, are meiosis-specific proteins whose
expression levels peak around pachytene stage of meiotic prophase (San-Segundo
and Roeder 1999; Hollingsworth, Goetsch, and Byers 1990; Sym, Engebrecht, and
Roeder 1993). Once cells exit prophase, the expression level of all these proteins
declines. | employed strains harboring a deletion of the transcription factor NDT80,
absence that lead cells to arrest in meiotic prophase, with the repair of DSBs taking
place up to the stage of double Holliday junction formation (Xu et al. 1995). In
agreement with published literature, increased chromosomal levels of Hop1 were
observed on meiotic chromosome spreads from pch2A4 cells, as compared to the wild

type (Figure 3.1A and 3.1B). | also observed a significant increase in the chromosomal
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Figure 3.1: Pch2 regulates synaptonemal complex assembly

A. Zip1-GFP (green) and Hop1 (red) immunofluorescence images of meiotic
chromosome spreads from ndt804 (yGV4463) and pch24 ndt804 (yGV4504) cells.
Polycomplex (PC) is indicated by the arrowhead. DNA is stained with DAPI. Scale bar
is Tum. B. and C. Quantification of the total sum intensity after background correction
of chromosomal Hop1 and Zip1-GFP from meiotic spreads of strains used in (A).
Number of analyzed cells n=30 and n=33 for ndt804 and pch24 ndt80A respectively.
**** indicates a significance with p<0.0001, Mann-Whitney U test. Mean and standard
deviation are indicated. D. Western blot analysis of strains used in (A) comparing total
cellular levels of Zip1-GFP (a-GFP) and Hop1 at different time points during meiotic
time course. Pgk1 is used as a loading control. E. and F. Quantification of the total
cellular levels of Zip1-GFP and Hop1 from the western blots shown in (D). Mean value
+ SEM from three independent experiments is indicated. G. Percentage of PC
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Figure 3.1 continued
containing nuclei from strains used in (A) at different time points during meiotic time
course. >100 nuclei were analyzed for each data point.

association of Zip1 in strains lacking Pch2 as compared with those having a wild type
allele of PCHZ2 (Figure 3.1A and 3.1C). This suggests that Pch2 regulates the
chromosomal abundance of both Hop1 and Zip1. To investigate whether the observed
increase in chromosomal levels of Hop1 and Zip1 was due to changes in total cellular
levels of these proteins, | performed western blot analysis of total cellular lysates from
ndt80A and pch24 ndt80A4 cells (Figure 3.1D). Although an increase in the total cellular
levels of Hop1 - which correlates with the detected increase in its chromosomal levels
was observed in pch2A4 cells - such difference was not observed in the total cellular
levels of Zip1 (Figure 3.1E and 3.1F). These data indicate that Pch2 influences SC

polymerization by restricting the abundance of Zip1 localization on chromosomes.

SC components are known to form extra-chromosomal aggregates, known as
Polycomplexes (PCs), in response to defects in DSB formation and/or its processing
(Hughes and Hawley 2020; Sym and Roeder 1995). Overexpression of Zip1 also leads
to the formation of a PC (Sym and Roeder 1995; Dong and Roeder 2000). There is
evidence that PCs are also observed in cells lacking NDT80, especially in strains of
the SK1 background (as used throughout this study), which are otherwise wild type
(Bhuiyan, Dahlfors, and Schmekel 2003). In line with this, | observed that PCs were
present in ndt80A cells (Figure 3.1A and 3.1G). Approximately 50% of ndt804 cells
showed the presence of a PC 4 hours post-induction of meiosis. The percentage of
nuclei containing PC increased as cells spent more time in meiotic prophase (Figure
3.1G). Intriguingly, the number of cells containing PCs was lower in pch2A4 cells. The
difference in PC abundance between wild type and pch2A4 cells was most striking when
| compared cells at 4 hours post-induction of meiosis. Although pch24 cells also
accumulate PCs as they spent more time in meiotic prophase, the number of cells
containing PCs remained lower in pch24 ndt80A cells as compared to ndt80A4 cells
(Figure 3.1G).

Although Zip1-GFP has been well characterized (White et al. 2004), it is not
known if this allele leads to the untimely formation of PCs. To confirm that the presence

of PCs is not an artefact of Zip1-GFP, | performed indirect immunofluorescence on
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meiotic chromosome spreads from strains harboring an untagged allele of Z/P1 in an
ndt80A4 background using a-Zip1 antibody at 4 and 10 hours post-induction of meiosis
(Figure 3.2A). Similar to strains with Zip1-GFP, | observed that approximately half of
these cells contained PCs at 4 hours post-induction of meiosis. This percentage
increased to ~90% at 10 hours post-induction of meiosis. Reassuringly, deletion of
PCH?2 led to a decrease in the number of cells showing PC formation, as observed
earlier in the ZIP1-GFP background. pch24 ndt80A cells displayed behavior similar to
ZIP1-GFP pch24 ndt804 cells, and accumulated PCs by 10 hours post-induction of
meiosis. However, the total number of cells showing PC formation was reduced as
compared to ndt804 cells alone (Figure 3.2B). These data show that formation of PCs
is not a consequence of the GFP-tag on Zip1, and thus likely indicative of a

physiologically relevant phenomenon.
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Figure 3.2: pch2A4 results in a lower abundance of PC containing cells

A. Representative images of meiotic chromosome spreads from ndt804 (yGV468) and
pch24 ndt804 (yGV2302) stained for Zip1 (a-Zip1, green) at 4 and 10 hours post-
induction of meiosis. B. Quantification of PC containing nuclei from strains used in (A)
at indicated time points. >100 nuclei were analyzed for each data point.
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The difference in the percentage of cells containing PC with and without the
presence of Pch2 demonstrates that Pch2 not only regulates the assembly of Zip1 on
chromosomes but also the extra-chromosomal assembly of Zip1 aggregates. Pch2 can

either directly influence the formation of PCs or indirectly lead to the formation of PCs.

3.2 Pch2 does not influence PCs triggered by DSB/recombination defects
SC polymerization is a marker of normal meiotic progression. During early
meiosis, SC is deposited onto chromosomes in a foci-like manner. As meiosis
progresses, the appearance of SC changes to short polymerized stretches and finally
culminates with extensive SC polymerization along entire chromosomes during
pachytene. Aberrant SC polymerization in response to defects in DSB formation or
repair results in the formation of extra-chromosomal PC formation. To investigate
whether the appearance of PCs as observed here, was associated with aberrant
chromosomal SC polymerization, | investigated the proportion of cells in different
stages of Zip1 polymerization in ndt804 and pch2A4 ndt804 strains. SC status was
classified into three classes, namely, foci-like staining (Class I), short stretches (Class
II) and extensive polymerization of Zip1 (Class lll), as is customary in the literature
(Figure 3.3A) (Bailis and Roeder 1998). Both ndt804 and pch24 ndt80A4 strains showed
similar behavior of Zip1 polymerization. After 4 hours post-induction of meiosis, both
strains showed around 80% of cells with extensive Zip1 polymerization, which
increased as cells spent more time in meiosis (Figure 3.3B). This suggests that the
formation of PCs in these strains (see above) is not the result of aberrant synapsis and
or defective DSB repair. Moreover, PCs were mostly observed in cells exhibiting Class
[l SC-polymerization, confirming that PC formation in these cases is not due to
defective SC polymerization. Of note, all the PC quantifications as presented here were

done with cells presenting a PC staining along with Class Ill Zip1 polymerization.

The observation that pch24 ndt80A4 cells showed a delayed appearance of PCs
as compared to ndt804 cells is counterintuitive because pch24 cells are known to
exhibit a delay in the repair of DNA DSBs (Borner, Barot, and Kleckner 2008; Joshi et
al. 2015). Hence, if PCs observed were merely a consequence of DSB repair
delays/defects, one would actually expect more PCs in pch2A4 cells, contrary to what |
observed here. This further strengthens the idea that PC formation in these cases is

not a consequence of defective DSB repair and suggests that Pch2 plays a role in
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influencing the abundance of PCs in wild type conditions. To understand the role that
Pch2 plays in influencing the PC abundance, | employed a catalytically dead mutant
of Spo11 (spo11-Y135F). This mutant is unable to generate DSBs which results in the
formation of PCs (Henderson and Keeney 2004; Cha et al. 2000). Indeed, most of
these mutants showed a prevalence of PCs. Deletion of PCH2 did not alleviate the
formation of PCs in this strain background suggesting Pch2 does not play a direct role
in the formation of PCs and does not have any effect on PC formation that is associated
with defective DSB formation (Figure 3.3C and 3.3D). These data thus raise an
interesting question as whether there is a crosstalk between the chromosomal and
extrachromosomal pool of Zip1, which results in the formation of PCs, and if, and how,

Pch2 plays a role in its regulation.
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Figure 3.3: Pch2 has no effect on PCs arising due to pathological defects.

A. Representative images of nuclei at different stages of SC polymerization during
meiotic progression. Class | shows foci-like staining, Class |l shows short stretches of
SC, and Class lll represents extensive Zip1 polymerization along chromosomes. PC
quantifications are done in cells showing PC (indicated with an arrowhead) along with
Class lll-like staining. Images are from ZIP1-GFP, ndt804 (yGV4463). B. Comparison
of the percentage of cells showing different extents of Zip1 polymerization divided into
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Figure 3.3 continued

Class I, Il and lll from ndt804 (yGV4463) and pch24 ndt804 (yGV4504). A minimum
of 150 cells were analyzed for each data point. C. Representative images showing
Zip1(a-Zip1, green) and DNA (DAPI, blue) staining on chromosome spreads to
compare the effects of Pch2 in strains harboring the catalytically dead mutant of Spo11
(spo11-Y135F) at 4 hours post-induction of meiosis. Strains used are spo171-Y135F,
ndt804 (yGV4137) and spo11-Y135F, pch2A4, ndt804 (yGV4119) D. Quantification of
cells containing PCs from strains used in (C) 4 hours post-induction of meiosis. More
than 100 nuclei were analyzed.

3.3 Dynamic interplay of Pch2, Hop1 and Zip1 regulates SC polymerization
In ndt80A cells, total cellular levels of Zip1 increases as a function of time spent
in meiotic prophase (Figure 3.1D). The increase in Zip1 levels correlates with an
increase in the number of cells harboring PCs (Figure 3.1E and 3.1G). Also, pch2A4
cells show a reduced prevalence of PCs with an increase in the chromosomal
occupancy by Zip1 (Figure 3.1C and 3.1G). This prompted me to hypothesize that PC
formation can be interpreted as a proxy of the remaining excess of Zip1 available in
the nucleoplasm after the successful establishment of SC along the chromosomes. To
test this hypothesis, | reasoned that the number of cells showing PCs should decrease
if the total levels of Zip1 is lowered. To test this premise, | decreased the total levels of
Zip1 by making use of a heterozygous deletion of ZIP1 (Figure 3.4A and 3.4B). |
observed that the reduction of Zip1 led to a decrease in the number of cells showing
PCs, thus confirming that the total levels of Zip1 are indeed functionally related to PC
establishment (Figure 3.4C). The profile of PC abundance in cells with reduced levels
of Zip1 over the meiotic time course was very similar to pch2A4 cells (Figure 3.4C).
Deletion of PCH2 along with lower levels of Zip1 led to a synergistic decrease in the
number of cells showing PC formation (Figure 3.4C). This indicated that the decrease
in total levels of Zip1 reduces the pool available for the formation of PC, which in turn
affect efficiency of PC formation. Ostensibly, this pool is reduced further in pch24 cells,
potentially because in cells that lack Pch2 more Zip1 can be deposited on

chromosomes (Figure 3.1A and 3.1C).

Hop1 is important for the proper establishment of chromosome axis, which in
turn acts as the loading platform for deposition of SC (Page and Hawley 2004). In the
absence of Hop1, polymerization of SC does not take place resulting in the formation
of extrachromosomal PCs (Carballo et al. 2008; Hollingsworth and Byers 1989). |
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posited that the increased chromosomal association of Zip1 in cells lacking PCH2 as
seen here might be driven by the increased abundance of chromosomal Hop1 brought
about by the lack of Pch2-dependent chromosomal removal, as is well-established
(San-Segundo and Roeder 1999; Subramanian et al. 2016; Joshi et al. 2009). |
reasoned that decreasing the total cellular levels of Hop1 might decrease the amount
of Zip1 that can be deposited on chromosomes, which should thus be reflected in a
higher prevalence of PCs, even in pch24 cells. To test this, | employed the same
strategy as used earlier for Zip1, by using heterozygous HOP1 strains (i.e.
HOP1/hop14) to decrease the total cellular levels of Hop1 (Figure 3.5A and 3.5B).
Decreasing the total cellular levels of Hop1 in strains deleted for PCHZ2, indeed led to
an increase in the number of cells containing PCs (Figure 3.5A and 3.5C). As expected,

reduction of total cellular Hop1 levels correlated with the decrease in chromosomal

A. GFP/Hop1 Merge B ndt80A
GFP Hop1 with DAPI ZIP1-GFP ZIP1-GFP
ZIP1-GFP zip1A
& __pch2A pch2A
[G) 0 412 0 412 0 412 0 4 12 Time (hours)
& — - «s |o-GFP
N
~N
& -l - - |cx—Hop‘I
G
E .. .. — =
N
—— e — —— . — e — — — Ot—ng1
S
X
e
< C. 1001
<
‘5. 804
E 1%
N %~ -@-ndt80A
w 25 601
O gs pch2A; ndt80A
a 9=
N SR 407 ZIP1-GFP/zip1A; ndt80A
o]
o - ZIP1-GFP/zip1A; pch2A;
] ndt80A
0 e r T T
4 Time (hours) 4 6 8 10

Time (hours)

Figure 3.4: Total Zip1 levels determine the presence of PC

A. Representative immunofluorescence images of Zip1-GFP (green) and Hop1 (red)
from the meiotic chromosome spreads belonging to ndt804 (yGV4463), pch24 ndt80A
(yGV4504), ZIP1-GFP/zip14 ndt804 (yGV4609) and ZIP1-GFP/zip1A pch24 ndt804
(yGV4608) at indicated time point. B. Western blot analysis of the strains used in (A)
comparing the total cellular levels of Zip1-GFP, Hop1 and pH3-T11 at different time
points during the meiotic time course. Pgk1 is used as loading control. C. Comparison
of the nuclei containing PCs at indicated time points in strains used in (A). >100 nuclei
were analyzed for each data point.
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Figure 3.5: Cellular levels of Hop1 regulate SC polymerization and formation of
PCs

A. Representative images of Zip1-GFP (green) and Hop1 (red) immunofluorescence
from meiotic chromosome spreads of ndt804 (yGV4463), pch24 ndt804 (yGV4504),
HOP1/hop1A4 ndt804 (yGV4461) and HOP1/hop1A4, pch2A4, ndt804 (yGV4505) cells at
the indicated time points. B. Expression analysis of Zip1-GFP, Hop1 and pH3-T11
using western blot analysis of the strains used in (A) at different time points during the
meiotic time course. Pgk1 is used as the loading control. C. Comparison of the PC
containing nuclei at different time points during meiotic time course from strains used
in (A). >100 nuclei were analyzed for each data point. D. Quantification of the total sum
intensity after background correction of chromosomal Hop1 and Zip1-GFP from meiotic
spreads of strains used in (A). Number of cells analyzed: n=33, n=31, n=31 and n=31
for ndt804, pch2A ndt804, HOP1/hop1A ndt804 and HOP1/hop1A pch24 ndt80A,
respectively. **** indicates a significance with p<0.0001, ** is p<0.01 and * is p<0.05.
Mann-Whitney U test. Mean and standard deviation are indicated.
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abundance of Hop1. This decrease also correlated with a decrease of Zip1 levels on
chromosomes suggesting a causal relationship between chromosomal Zip1 and PC
abundance (Figure 3.5D). Interestingly, western blot analysis of whole-cell extracts
showed that in pch24 strains with lowered levels of Hop1, the phosphorylation of
Histone H3 at Threonine 11 (pH3-T11), a substrate of active Mek1, was substantially
decreased. Active Mek1 is indicative of ongoing checkpoint activity, and this
observation thus indicated that checkpoint activity in pch2A4 strains with lowered levels
of Hop1 was not as robust when compared to pch24 cells alone (Figure 3.5B). This
observation provided me with a platform to understand the functional relevance of the
Pch2 and Hop1 levels in meiotic prophase and in the regulation of the checkpoint

cascades governing this phase of the meiotic program.

In total, the data presented in the part of the thesis suggest that the existence
of a functional connection between Pch2, Hop1 and Zip1 governs Zip1-dependent SC
polymerization and the formation of extrachromosomal PCs. In this system, Hop1
forms the chromosome axis, which acts as the loading platform for Zip1. Chromosomal
polymerization of Zip1 subsequently recruits Pch2, which results in the removal of
chromosomal Hop1. The removal of Hop1 from the chromosome axis provides a
feedback to further restrict the polymerization of Zip1. Thus, Pch2 acts as the factor
which dynamically coordinates SC assembly with the chromosomal localization of
Hop1 (Figure 3.6).

/ Chromosome  / Non-
| chromosomal

___________________________________

\ ,'"'/F’olycomplex

-----------------------------------

Zip1/SC <——> Zip1

Figure 3.6: Model of the feedback regulation of Pch2, Hop1 and Zip1 in regulating
SC polymerization and PC formation

Chromosomal Hop1 forms the chromosomal axis onto which Zip1 based SC
scaffolding can take place. Polymerization of SC recruits Pch2 to the chromosomes
which actively removes Hop1 from the axis, thus restricting additional Zip1
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Figure 3.6 continued

polymerization. The remaining non-chromosomal Zip1 then starts to form the
extrachromosomal PC aggregate. Thus, Pch2 potentially acts as the stringency factor
for the SC polymerization.

3.4 Pch2 drives the activation of meiotic prophase checkpoint

Cell cycle checkpoints monitor the fidelity of critical events such as genome
replication and chromosome segregation. Checkpoints operating during meiotic
prophase ensure proper execution of crucial events like DSB formation, recombination
and synapsis. Thus, checkpoints link cell cycle progression with essential cellular
processes. Pch2 and Hop1 act as the master regulator of meiotic processes including
checkpoint signaling during prophase. Pch2 plays a key role in regulating progression
through meiotic prophase. First, the deletion of PCHZ2 causes a delay in the meiotic
prophase, potentially due to the failure to remove Hop1 from chromosomes
(Hochwagen et al. 2005; Subramanian et al. 2016; San-Segundo and Roeder 1999).
Second, deletion of PCH2, in contrast to wild type conditions, leads to an accelerated
cell cycle progression in zip14 cells (Herruzo et al. 2019; San-Segundo and Roeder
1999). In absence of ZIP1, Pch2-driven chromosomal removal of Hop1 does not take
place (Subramanian et al. 2016; San-Segundo and Roeder 1999). Finally, pch2A4 cells
do not have any effect on the meiotic arrest caused by deletion of the meiotic
recombinase DMC1 (Hochwagen et al. 2005). As such, the effect of Pch2 on cell cycle
progression seems to be conditional. It depends on the underlying genetic background:
in certain instances, its activity is required for timely progress (i.e. in wild type), in
others, it promotes cell cycle delays in response to defects (i.e. in zip14 cells), whereas
in other conditions (i.e. dmc1A4) the activity of Pch2 seems to not play a key role in cell

cycle progression.

Inspired by the functional interplay between Pch2 and Hop1 in coordinating SC
assembly, | aimed to investigate the role of Hop1 levels to answer these apparent

differences in Pch2 functions.

3.5 Pch2 and Hop1 collaborate to robustly mediate meiotic prophase
checkpoint
The phosphorylation of Histone H3 at Threonine-11 (pH3-T11) is a marker of

active checkpoint signaling during meiotic prophase. The differences observed in the
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pH3-T11 in pch2A4 ndt80A4 cells because of different levels of Hop1, prompted me to
investigate the role of Pch2 and Hop1 levels in regulation of meiotic progression and
meiotic prophase checkpoint. To observe meiotic progression, | queried the entry of
cells into meiosis | (as a sign of exit from meiotic prophase) by monitoring the
separation of spindle poles using indirect immunofluorescence of tubulin (Figure 3.7A)
and by examining the activity of transcription factor Ndt80 via the expression of its
target protein, CdcS (Sourirajan and Lichten 2008). Both separation of spindle poles
and expression of Cdc5 act as markers for entry into meiosis I. Analysis of meiotic
progression was complemented by investigating meiotic prophase checkpoint activity
using known markers of active checkpoint signaling: phosphorylation of Hop1 and
Histone H3 on Threonine-11. Phosphorylation of Hop1, a result of Mec1/Tel1 kinase
activity (and thus of ongoing DSB formation/repair), is observed via a well-documented
electrophoretic mobility shift during western blot analysis (Carballo et al. 2008;
Subramanian et al. 2016). On the other hand, pH3-T11 was detected using an antibody
which recognizes the phosphorylation of Histone H3 on Threonine 11. As mentioned
earlier, H3-T11 is a substrate of active Mek1, a marker for ongoing checkpoint activity
(Kniewel et al. 2017). With these tools in hand, | initially examined whether lower levels
of Hop1 in combination with the absence of PCH2 had any effect on the meiotic
checkpoint and/or progression. As expected, deletion of PCHZ2 alone led to a nearly
two-hour delay in meiotic progression as compared to wild type cells (Figure 3.7B and
3.7C, left panel) (Hochwagen et al. 2005; Ho and Burgess 2011). Lowering the levels
of Hop1, by making use of HOP1 heterozygosity, in itself did not result in any
observable changes in the cellular progression as compared to wild type cells (Figure
3.7B and 3.7C, left panel). However, reducing the levels of Hop1 in pch24 cells
alleviated the meiotic delay caused due to the absence of PCH2 (Figure 3.7B and
3.7C, right panel). In these cells, the early expression of Cdc5 was also associated
with the reversal of prolonged abundance of phosphorylated Hop1 and pH3-T11,
suggesting loss of meiotic checkpoint function and untimely activation of Ndt80 (Figure
3.7C). To assess whether this loss of checkpoint function resulted in chromosome
segregation defects during the ensuing chromosome segregation events of Meiosis
I/Il, I determined the viability of spores in these strain backgrounds by tetrad analysis.
Chromosome segregation defects will lead to the generation of aneuploid meiotic
products (spores). When normally haploid spores lack a certain chromosome (i.e. they

are nullisomic for certain chromosomes), it invariably leads to spore death (because
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Figure 3.7: Pch2 is indispensable for optimal meiotic checkpoint response under
conditions of limiting Hop1

A. Representative images of a-tubulin (green) whole cell immunofluorescence
showing cells at different stages of meiotic progression. Separation of spindle pole
represents exit from prophase and entry into meiosis |. DAPI was used to stain DNA.
B. Comparison of cells showing separated spindle poles, analyzed by a-tubulin whole-
cell immunofluorescence, to determine cell cycle progression in wild type (yGV4527),
pch24 (yGV4528), HOP1/hop14 (yGV4526) and HOP1/hop14 pch24 (yGV4525). A
minimum of 200 cells were analyzed for each data point. C. Western blot analysis of
Cdc5, Hop1, and pH3-T11 at different time points during meiotic progression from the
same strains as in (B). (B) and (C) are from the same time course experiment. D. Spore
viability analysis of the same strains as in (B).
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essential genes present on the affected chromosome(s) are absent). As such, spore
viability can be used as a stringent proxy to query meiotic chromosome segregation
fidelity. Wild type cells showed 98.6% viable spores, and deletion of PCH2 showed
only a slight decrease in spore viability with 90.3% of total spores being viable, as
previously observed (San-Segundo and Roeder 1999). Reducing the levels of Hop1
led to spore viability scores that were similar to wild type cells, with a spore viability of
97.6%. However, combining the deletion of PCH2 with lowered Hop1 levels resulted
in a substantial drop in spore viability with only 66.1% of spores being viable (Figure
3.7D). These data show that the checkpoint defect caused due to lower levels of Hop1
and absence of PCH2 is associated with a reduction of chromosome segregation
fidelity.

Hop1 is important for the formation of the chromosomal axis, and axis formation
is in turn necessary for the optimal generation of Spo11-dependent DNA DSBs (Page
and Hawley 2004). Meiotic checkpoint signaling is initiated by Tel1/Mec1 kinases
which are activated by DSB formation and processing, respectively. To rule out the
possibility that the loss of checkpoint function in pch24 HOP1 heterozygote cells is a
consequence of defects in DSB formation, | aimed to perform Southern blot analysis
to compare DSB levels at a known DSB hotspot, the YCR047C locus (Prieler et al.
2005). A background deletion of SAE2 was employed to restrict the DNA resection
around DSBs, which aids in the quantification of DSB signals on Southern blots
(without SAE2, 5’-3’ resection at DSB sites do not take place, thus impairing DSB
repair) (Prinz, Amon, and Klein 1997). Analysis of Cdc5 expression revealed that lack
of SAEZ2 resulted in prolonged presence of cells in meiotic prophase, as expected
(McKee and Kleckner 1997; Wu and Burgess 2006). This delay was rescued by the
deletion of PCH2 (Ho and Burgess 2011; Farmer et al. 2012), whereas decreasing
Hop1 levels had no effect on the delay triggered in cells lacking SAE2 (Figure 3.8A).
However, the combination HOP1 heterozygosity with the absence of Pch2 resulted in
compromised checkpoint function, as indicated by the premature loss phosphorylation
of Hop1 and H3-T11, and faster progression into meiosis |, as indicated by the
expression of Cdc5 (Figure 3.8A). Southern blot analysis of these strains revealed that
the DSBs were generated in all the conditions (Figure 3.8B). Quantification of these
DSBs revealed that the level of DSBs at YCR047C in pch24 HOP1/hop 1A cells were
mildly reduced (Figure 3.8C): they were ~80% to that of wild type DSB levels (Figure
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3.8C). This level of DSB activity is still able to trigger checkpoint activity (Markowitz et
al. 2017), arguing that the loss of meiotic checkpoint robustness in pch24 HOP1
heterozygote cells is merely not caused by an indirect effect of defective DSB formation

(and upstream DSB-responsive kinase signaling).
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Figure 3.8: Combination of lower levels of Hop1 with pch2A does not have
substantial effects on DSB formation

A. Expression analysis of Cdc5, Hop1 and pH3-T11 by western blot at different time
points during meiotic time course of sae24 (yGV4744), pch24 sae24 (yGV4801),
HOP1/hop14 sae2A (yGV4752) and pch24 HOP1/hop14 sae2A (yGV4800). B.
Southern blot analysis comparing DSB levels in strains used in (A) at indicated time
points during meiotic progression. DSBs were detected using a probe for YCR047C
locus. sae2A4 cells are resection deficient and hence cannot repair the DSBs. C.
Quantification of breaks from the southern blot experiment shown in (B). DSBs used
for quantification are indicated by * in (B). Mean values + SD were calculated from two
independent experiments.

65



Results

3.6 Pch2 has an agonistic role in checkpoint function in response to synapsis
defects

Deletion of ZIP1 leads to a delay in meiotic progression, and this delay is
associated with the activation of a checkpoint cascade, dubbed the synapsis
checkpoint, which operates during prophase and is believed to specifically respond to
synapsis defects (Wu and Burgess 2006). | aimed to increase the understanding of
this checkpoint by further investigating the roles of Pch2 and Hop1. By comparing the
timing of entry of cells into meiosis |, via expression of Cdc5, as previously
demonstrated, | observed that zip74 cells were delayed in meiotic prophase as
compared to wild type cells (Figure 3.9A, left panel) (Xu, Weiner, and Kleckner 1997).
As expected, deletion of PCH2 was able to partially rescue this delay (Figure 3.9A, left
panel) (San-Segundo and Roeder 1999; Wu and Burgess 2006). Intriguingly, |
observed that HOP1 heterozygosity alone also partially rescued this delay indicating
the requirement for correct cellular levels of Hop1 for the proper functioning of this
checkpoint (Figure 3.9A, right panel). These results were complemented by comparing
the percentage of cells that had progressed past meiotic prophase by following spindle
morphology. zip1A4 cells showed a meiotic delay and either deletion of PCH2 or HOP1
heterozygosity in these cells led to a partial rescue of this delay (Figure 3.9B). The
profile of meiotic progression observed in pch24 cells and cells with lower levels of
Hop1) was highly comparable. Both these conditions resulted in a faster meiotic
progression as compared zip14 cells, but these cells progressed slower than wild type
cells (Figure 3.9B). Strikingly, deletion of PCH2 in combination with HOP1
heterozygosity led to a complete rescue of the delay caused by deletion of ZIP1 (Figure
3.9A and 3.9B). The faster progression of these cells through meiotic prophase also
correlated with reduced Hop1 phosphorylation and Mek1 activity suggesting
compromised checkpoint function (Figure 3.9A). These data suggest that the presence
of Pch2 and levels of Hop1 synergize to play an important part in the optimal
functioning of synapsis checkpoint. The rescue of the delay in zip14 cells under the
described different conditions was also reflected in the number of viable spores after
completion of meiosis. zip14 cells showed a spore viability of 56.8% compared to a
wild type spore viability of 95.6% (Figure 3.9C). zip14 cells deleted either for PCH2 or
containing HOP1 heterozygosity, both of which show a partial rescue of the delay, the
spore viability drops comparably to 34.1% and 38.9% respectively (Figure 3.9C). The

spore viability in pch2A4 cells expressing lower levels of Hop1 drops down drastically to
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6.3% suggesting that compromising the checkpoint response under conditions that

trigger synapsis defects leads to chromosomal mis-segregations and developmental

aneuploidy (Figure 3.9C).
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Figure 3.9: Pch2 and Hop1 combine to regulate the synapsis checkpoint

A. Western blot analysis to compare expression profile of Cdc5, Hop1 and pH3-T11 in
wild type (yGV4577), zip1A (yGV4578), zip14 pch2A4 (yGV4581), zip14 HOP1/hop14
(yGV4579) and zip14 pch24 HOP1/hop14 (yGV4580). Pgk1 is used as a loading
control. B. Comparison of the number of cells entering meiosis | by tracing the spindle
morphology at indicated time points of strains used in (A). A minimum of 200 cells were
analyzed for each data point. (A) and (B) are from the same time-course experiment.
C. Spore viability analysis of strains used in (A).

During DSB repair, Pch2 aids in creating a bias towards the use of homolog as
repair template instead of sister chromatid (Zanders et al. 2011; Ho and Burgess 2011;
Borner, Barot, and Kleckner 2008). It has been suggested that deletion of PCHZ2 results
in the alleviation of zip14-mediated delay by allowing cells to undergo (rapid) sister
chromatid-based repair (Herruzo et al. 2016; Farmer et al. 2012). Deletion of RAD51,
a recombinase required for DSB repair via this sister-chromatid based pathway, in
zip14 shows a very severe delay in meiotic prophase as compared to the delay
observed in zip7A4 cells alone (Figure 3.10A and 3.10B) (Herruzo et al. 2016). This
genetic relationship lends credence to the hypothesis that DSBs in zip74 pch24 cells
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are repaired using the sister chromatid as a template, which eventually helps in
overcoming the checkpoint restrictions. However, by tracing both spindle morphology
and expression of Cdc5, | found that deletion of PCH2 in zip14 rad514 cells leads to
the alleviation of the arrest (Figure 3.10A and 3.10B). Active checkpoint markers like
phosphorylated Hop1 and pH3-T11 are also reduced under these conditions (Figure
3.10A). On lowering cellular Hop1 levels, a similar rescue and checkpoint behavior
was observed suggesting that the alleviation of this arrest might be due to loss of Pch2-
Hop1 mediated robustness in the meiotic checkpoint rather than via a channeling of
DSB repair towards sister chromatid-based repair (Figure 3.10A and 3.10B). Further
proof for this premise was provided when | observed that the combination of pch24
and HOP1 heterozygosity led to an additive effect on meiotic progression (Figure
3.10A and 3.10B). These results suggest that the alleviation of checkpoint delay by
deletion of PCH2 is directly related to checkpoint signaling rather than a decrease in

the homolog bias during recombinational repair of meiotic DSBs.
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Figure 3.10: Role of Pch2 and Hop1 in zip14 rad51A cells

A. Western blot analysis of zip74 (yGV4578), zip14 rad514 (yGV4603), zip14 rad514
pch24 (yGV4599), zip14 rad514 HOP1/hop14 (yGV4598) and zip1A rad514 pch2A
HOP1/hop14 (yGV4600) comparing the expression profile of Cdc5, Hop1 and pH3-
T11. Pgk1 is used as a loading control. B. Comparison of meiotic progression of the
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Figure 3.10 continued

strains used in (A) using whole-cell immunofluorescence to follow spindle pole
separation. A minimum of 200 cells were analyzed for each data point. Wild type strain
was used as an additional control. A minimum of 200 cells were analyzed for each data
point.

3.7 Pch2 plays the role of an agonist during recombination checkpoint
Deletion of Pch2 alleviates the meiotic delay observed in zip14 cells. However,
deletion of PCHZ does not lead to alleviation of the arrest caused due to the absence
of recombinase DMC1 (Hochwagen et al. 2005). This observation has given rise to the
idea that two separate checkpoints, responding uniquely to synapsis and
recombination defects, operate during meiotic prophase, with Pch2 playing a role
exclusively in the former (Wu and Burgess 2006). With the above described
observations of Pch2 and Hop1 playing a role in modulating checkpoints during meiotic
prophase, | aimed to revisit the idea of Pch2’s role during recombination checkpoint.
In line with the published literature, deletion of DMC1 resulted in the near-complete
arrest of cells in meiosis, and, as expected, deletion of PCHZ2 did not alleviate this
arrest (Figure 3.11A and 3.11B) (Hochwagen et al. 2005). Similar to pch24, reducing
the levels of Hop1 alone was also not sufficient to alleviate the dmc74 dependent arrest
(Figure 3.11A and 3.11B). These cells were arrested in prophase as indicated by no
detectable expression of Cdc5 protein (Figure 3.11A). However, the combination of
pch24 with HOP1 heterozygosity led to a rapid entry of cells into meiosis | associated
with the elimination of checkpoint function, as confirmed by decreased abundance of
phosphorylated Hop1 and pH3-T11 (Figure 3.11A and 3.11B). These observations
indicate that Pch2 and Hop1 act synergistically to mediate the recombination
checkpoint. Combined with the observation that Pch2 mediates the checkpoint
signaling during synapsis defects, these results argue for the presence of a single
general checkpoint signaling cascade instead of separate checkpoints. Both Pch2 and
Hop1 act as the crucial mediators of the general meiotic checkpoint signaling cascade.
Under conditions of limiting Hop1, Pch2 thus acts as an agonist in driving general

meiotic checkpoint signaling.
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Figure 3.11: Pch2 helps in mediating recombination checkpoint by facilitating
chromosomal abundance of Hop1

A. Expression analysis of Cdc5, Hop1 and pH3-T11 to compare the meiotic
progression and checkpoint activity in wild type (yGV4577), dmc14 (yGV48), dmc14
pch24 (yGV1269), dmc14 HOP1/hop14 (yGV4546) and dmc14 pch24 HOP1/hop14
(yGV1171). B. Comparison of the meiotic progression by analyzing spindle
morphology using whole-cell immunofluorescence in the strains used in (A). A
minimum of 200 cells were analyzed for each data point. C. Western blot analysis of
the separated soluble and chromatin fractions from dmc14 (yGV48), pch24 dmc1
(yGV1269) and HOP1/hop14 dmc1A (yGV4546) at 7 hours post the induction of
meiosis.

The role of Pch2 and Hop1 as the central components of a single signaling
cascade raised the question of how these proteins might be mediating the meiotic
checkpoint function. To get insights into this, | compared Hop1 status in dmc14, dmc1A4
pch24, dmc14 HOP1 heterozygote conditions. The majority of Hop1 was present as
slower-migrating species in dmc14 HOP1 heterozygote during the time course.
However, a different expression pattern of Hop1 phosphorylation was observed in
dmc1A4 pch24 conditions in which Hop1 was observable both in phosphorylated and
unphosphorylated forms. (Figure 3.11A). This suggests that Pch2 plays a role in
facilitating the phosphorylation of Hop1, an idea that has been previously proposed
(Herruzo et al. 2016). The presence of Pch2, however, is not essential for the

phosphorylation of Hop1 as cells with deletion of DMC1 and PCHZ2 also show
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substantial Hop1 phosphorylation accompanied with a robust arrest in meiotic
prophase (Figure 3.11A and 3.11B). In pch24 cells, | observed an increase in total
Hop1 levels pointing towards a role between Pch2 and Hop1 levels. Phosphorylated
Hop1 is the checkpoint signaling competent form of Hop1. Since the kinases
responsible for the phosphorylation of Hop1 (i.e. Mec1/Tel1) are activated locally by
DSB formation and processing, it is believed that Hop1 phosphorylation takes place
locally, on chromosomes in the vicinity of DSBs. To confirm that phosphorylated Hop1
is indeed chromosomal, | performed a chromatin-fractionation assay, using dmc14,
dmc14 pch24 and dmc14 HOP1/hop1A4 cells. | found that although a faster migrating
version of Hop1, corresponding to non-phosphorylated Hop1, can be found in both
soluble as well as on chromatin fractions, the slower migrating band, corresponding to
the phosphorylated version of Hop1, is found exclusively in the chromatin fraction
(Figure 3.11C). This difference becomes starker on comparing soluble and chromatin
fractions in dmc14 HOP1 heterozygote conditions (Figure 3.11C). These results
indicate that in dmc14 and zip14 cells (where chromosomal recruitment of Pch2 does
not take place because of aberrant or no SC polymerization), non-chromosomal Pch2
plays a critical role in driving the meiotic checkpoint signaling. Therefore, these data
suggest that non-chromosomal Pch2 facilitates the abundance of signaling competent

Hop1 to create robust checkpoint signaling.

3.8 Characterization of an inducible Pch2 expression system

To understand the role of Pch2 in facilitating the meiotic checkpoint and to
explore the function of non-chromosomal Pch2, | established an estradiol-based
inducible expression system (Louvion, Havaux-Copf, and Picard 1993; Benjamin et al.
2003). Itis to note that under natural conditions, the product of the GAL4 gene activates
the expression from GAL1 promoters in presence of galactose and absence of glucose
(Strathern, Jones, and Broach 1982). Since budding yeast cells need to be starved of
nutrients for induction of meiosis, direct use of galactose to induce expression from
GAL promoters is unfavorable. Estradiol-based inducible expression system is used to
overcome this limitation. In this system, the hormone-binding domain of the human
estrogen receptor (ER) is fused to the DNA-binding domain of Gal4 transcription factor.
The chimeric Gal4-ER protein results in activation of transcription from GAL promoters
only in the presence of estradiol. Addition of estradiol to the cells results in Gal4-ER

binding at the upstream activation sequence of the GAL promoters (pGAL), initiating
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the transcriptional activity of genes under its influence. To make an estradiol-inducible
system to conditionally express Pch2, | cloned pGAL1 with a 3x-FLAG tag and a 6x-
Glycine linker (pGAL-3xFLAG-PCH?2) and integrated this construct upstream of PCH2
(Figure 3.12A). Using this system, expression of Pch2 could be temporally controlled
by the addition of estradiol to cells and induced expression observed by western blot

using a-Flag antibody.

In order to better characterize this system and to establish Pch2 functionality upon
inducible expression, | investigated a number of phenotypes associated with Pch2.
Addition of estradiol at 3 hours post-induction of meiosis resulted in observable
expression of Pch2 within one hour, demonstrating that this system functioned as
envisioned. Conditionally induced Pch2 phenocopied the known effects of Pch2 on
Hop1 in terms of its levels and phosphorylation status (Figure 3.12B). Additionally, it
did not lead to any defects in spore viability: no difference in spore viability was
observed both with and without induction of Pch2, and the percentage of viable spores
were very similar to those of wild type conditions (Figure 3.12C). To ensure that the
induced expression did not have any deleterious synthetic effects with NDT80 deletion,
| queried Hop1 expression in the inducible Pch2 system, harboring an NDT80 deletion.
Reassuringly, expression of Pch2 led to the expected effects on Hop1: upon
expression of Pch2, overall levels of Hop1 were lower as compared to the non-induced
conditions. Absence of Pch2 in ndt804 cells results in observation of phosphorylated
Hop1 even at later time points (Subramanian et al. 2016). A similar phenotype was
observed in conditions where Pch2 was not expressed (i.e. without estradiol
expression this system behaved like pch2A4 cells, confirming stringent transcriptional
shutdown in the absence of activating conditions) (Figure 3.12D). On the contrary,
induction of Pch2 expression quickly resulted in a lower or absent abundance of the
phosphorylated form of Hop1 at later time points, indicating functional expression of
Pch2 (Figure 3.12D). Finally, inspired by my previous observations of a functional
relationship between Pch2, Hop1, and Zip1, | aimed to check the effect of induction of
Pch2 on PC abundance. | added estradiol 4 hours post-induction of meiosis and
compared the number of cells showing the presence of PCs with and without induction
of Pch2 (Figure 3.12E). Mirroring my previous observations, | found that expression of
Pch2 in ndt80A cells led to a higher prevalence of cells containing PCs (Figure 3.12F).
At the time of induction of Pch2, only 3% of cells contained PCs (Figure 3.12G).
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Figure 3.12: Characterization of the inducible Pch2 system

A. Cartoon representation of the inducible Pch2 system. A construct with pGAL7-
3xFLAG was placed upstream of PCH2. Without estradiol, Gal4-ER chimeric protein
remains inactive, and bound to Heat shock protein (HSP). Addition of estradiol to the
cells enables Gal4 to initiate the transcriptional activity from GAL1 promoter, resulting
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Figure 3.12 continued

in the induction of the expression of Pch2. B. Western blot analysis to compare the
expression of Hop1 at indicated time points with and without induction of Pch2 (a-Flag)
in pGAL-3XFLAG-PCH?2; GAL4-ER strain (yGV3050). The time of addition of estradiol
is indicated by *. Pgk1 was used as a loading control. C. Spore viability analysis of the
strains used in (B). D. Comparison of the expression levels of Pch2 and Hop1 between
induced Pch2 and Pch2 expression from endogenous PCHZ2 promoter. Estradiol was
added at 2 hours post-induction of meiosis (indicated by *). Pgk1 was used as a loading
control. Strains used are pPCHZ2-3XFLAG-PCH2; ndt804 (yGV2889) and pGAL-
3XFLAG-PCH2;, GAL4-ER; ndt804 (yGV3171) E. Experimental scheme for
experiments depicted in (F) and (G). F. Representative immunofluorescence images
of Zip1 (a-Zip1; green) from the strain used in (D) with and without induction of Pch2.
DNA was stained with DAPI. G. Quantification of the number of cells showing the
appearance of PC like structures from the experiment performed in (G).

However, the number of cells showing PCs increased to 76% four hours post-induction
of Pch2 compared to only 30% of cells showing PC accumulation in which Pch2
expression was not induced (Figure 3.12G). This reinforces the idea that Pch2 plays a
role in regulating synapsis. Altogether, these observations confirm that expression of
Pch2 using the established inducible system is functional and that this system can thus

be used to query Pch2 function in the control of meiotic prophase.

3.9 Pch2 drives meiotic checkpoint signaling by facilitating Hop1
phosphorylation

Phosphorylated Hop1 is present on chromosomes (Figure 3.11C) and
chromosomal Pch2 enables the removal of Hop1 from chromosomes (Subramanian et
al. 2016; San-Segundo and Roeder 1999). However, my earlier observations suggest
an indispensable role of non-chromosomal Pch2 in checkpoint signaling, especially
under Hop1 limiting conditions (Figure 3.9). To study the role of non-chromosomal
Pch2 in checkpoint signaling, | employed the inducible Pch2 expression system to
study checkpoint responses under SC-defective conditions, i.e. zip714 cells. Without
Zip1, Pch2 cannot be recruited to the chromosomes (Herruzo et al. 2016; Herruzo et
al. 2019; San-Segundo and Roeder 1999; Subramanian et al. 2016). On comparing
the phenotypes associated with active checkpoint signaling with and without induction
of Pch2 expression in zip14 ndt80A cells, | found that the abundance of
phosphorylation of Hop1 and pH3-T11 were markedly higher within an hour of

induction of the expression of Pch2, even though these checkpoint markers were also
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present without the induction of Pch2 (Figure 3.13A). This shows the presence of an
ongoing checkpoint activity, albeit at a reduced level, even without the presence of
Pch2. Increase in the total levels of Hop1 because of the absence of Pch2 might
explain this observation. Increased Hop1 levels ostensibly ensures sufficient
availability of Hop1, ready to be incorporated into chromosome-based signaling. If this
is the case, reducing the levels of Hop1 should lead to lower or completely abolished
checkpoint signaling as shown above, where decreased Hop1 levels in zip14 pch2A
cells, led to dysfunctional meiotic checkpoint function (Figure 3.9B). Indeed, without
the induction of Pch2, reduced levels of Hop1 in zip 714 ndt80A4 strains resulted in a lack
of active checkpoint markers (Figure 3.13B). Importantly, upon induction of Pch2, a
robust activation of checkpoint was observed. Hop1 and H3-T11 phosphorylation was
observed after Pch2 induction but was not observed in the non-induced control (Figure
3.13B). Since under all these conditions, Pch2 cannot be recruited to chromosomes
(due to lack of Zip1/SC), these results argue that non-chromosomal Pch2 drives the

activation of checkpoint by facilitating the availability of signaling competent Hop1.
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Figure 3.13: Non-chromosomal Pch2 facilitates the phosphorylation of Hop1

A. Western blot analysis to compare the effects on Hop1 and pH3-T11 expression
profile at indicated time points during meiotic progression with and without the
induction of Flag-Pch2 in zip1A4; ndt804; pGAL-3XFLAG-PCH2; GAL4-ER (yGV4470).
Estradiol is added to induce the expression of Pch2 (indicated by *). B. Western blot
analysis to compare the effects on Hop1 and pH3-T11 expression profile with and
without the induction of Flag-Pch2 in zip14; HOP1/hop1A4; ndt804; pGAL-3XFLAG-
PCH2; GAL4-ER (yGV4637). Estradiol is added to induce the expression of Pch2
(indicated by *).

Taken together, these data suggest that Pch2 and Hop1 create a system that
is indispensable for modulating the meiotic checkpoint response arising either because

of defects in synapsis or in recombination. Pch2 plays a central role in this system by
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facilitating the availability of signaling competent Hop1. In this model, this agonistic
role is played by non-chromosomal Pch2. The presence of Pch2 is of greater
importance especially when the cellular levels of Hop1 are reduced. Altogether, this
behavior is reminiscent of the role of PCH-2/TRIP13 (PCH-2 and TRIP13 being
C.elegans and mammalian homologs of Pch2 respectively) during Spindle Assembly
Checkpoint (SAC) signaling. Similar to the role of Pch2 in facilitating the availability of
signaling competent Hop1 during meiotic prophase checkpoint signaling, TRIP13
helps in maintaining sufficient amounts of O-Mad2 to drive SAC signaling (Ma and
Poon 2018; Marks et al. 2017; Kim et al. 2018; Nelson et al. 2015; Ma and Poon 2016).
Collectively, these data suggest that the contribution of Pch2 in meiotic prophase
checkpoint is analogous to the contribution of PCH-2/TRIP13 in SAC.

3.10 Pch2 can drive silencing of meiotic prophase checkpoint

Pch2/TRIP13 is not only required for maintaining SAC signaling, but it also plays
a role in its silencing. It does so by making use of the same biochemical activity of
catalyzing the transformation of C-Mad2 to O-Mad2 (Alfieri, Chang, and Barford 2018;
Kim et al. 2018; Ma and Poon 2016; Wang et al. 2019; Eytan et al. 2014). If the role of
Pch2 in regulation of meiotic checkpoint is indeed analogous to the role of TRIP13 in
SAC, then it should also exhibit similar checkpoint silencing functions. There is
evidence pointing in this direction: Zip1 dependent chromosomal recruitment of Pch2
can help in extinguishing Mek1-dependent signaling (Subramanian et al. 2016), and
deletion of PCH2 leads to delayed progression through meiotic prophase because of

sustained Hop1 phosphorylation (See above).

In order to expose a checkpoint silencing function of Pch2, | sought for a genetic
condition in which despite chronic DSB repair defects cells prematurely exit meiotic
prophase. | reasoned that such behavior might reflect ‘unscheduled’ checkpoint
silencing, and studying this condition (and a role of Pch2 therein) might be able to
inform on checkpoint silencing mechanisms. | utilized strains containing a deletion of
both RecA-like recombinases i.e. RAD51 and DMC1. It has been shown that under
these conditions cells progress past meiotic prophase despite the presence of high
levels of unrepaired DSBs (Shinohara et al. 1997; Markowitz et al. 2017; Farmer et al.
2012). However, the reasons behind this premature progression have remained

completely unknown. Rad51 helps in sister chromatid-based repair and Dmc1
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facilitates homolog-based repair, | initially assessed if the bypass of meiotic arrest in
dmc1A4 rad51A4 cells was due to the absence of sister chromatid repair or if it was
because of a specific function of Rad51. In this regard, | deleted an accessory factor
of Rad51, called Rad54. Absence of Rad54 also hampers the sister chromatid-based
DSB repair, similar to the absence of Rad51 (Clever et al. 1997; Crickard and Greene
2018). If the bypass in dmc14 rad514 cells is due to the absence of sister-chromatid
based repair mechanisms in general, then | expect to see a similar bypass in dmc14
radb44 cells. | utilized the same technique of following spindle morphology and
investigating Cdc5 expression by western blot analysis to investigate meiotic
progression in different strains. As seen earlier, dmc1A4 cells showed a near-complete
arrest whereas dmc1A4 rad51A cells, in accordance with existing literature (Shinohara
et al. 1997; Markowitz et al. 2017), showed an entry into meiosis | with decreased
prevalence of active checkpoint markers (Figure 3.14A). Compared to the dmc14
rad514 cells, deletion of RAD54 did not result in the alleviation of dmc14 mediated
meiotic arrest (Figure 3.14A and 3.14B). These cells also had a higher prevalence of
active checkpoint markers (Figure 3.14A). These data point to a specific characteristic
of Rad51 (independent of Rad54 function) which influences the dmc714 checkpoint
response. To define the reasons responsible for this premature progression, |
investigated the chromosomal recruitment of Gmc2, a key component of the central
element of SC, which is often used as a marker of SC establishment (Humphryes et
al. 2013; Voelkel-Meiman et al. 2019). Strikingly, dmc14 rad514 cells exhibited an
increase in Gmc2-containing SC stretches on chromosomes as compared to dmc14
cells alone which contained very few stretches of SC (Figure 3.14C). (Please note that
SC formation in budding yeast is normally contingent on successful DSB repair, and
thus greatly impaired in cells lacking DMC1 (Bishop 1994; Rockmill et al. 1995).
Quantification of Gmc2 on chromosomes confirmed these results (Figure 3.14D)
suggesting dmc14 rad514 cells form SC, despite failure to undergo recombinational
repair of DSBs. SC-polymerization enables chromosomal recruitment of Pch2, thereby
helping Pch2 actively remove Hop1 from chromosomes. In line with the thought that
SC-polymerization might be recruiting Pch2 to modulate Hop1 levels, | observed that
deletion of PCHZ2 in dmc1A4 rad51A4 cells led to significantly higher amounts of Hop1 on
chromosomes (Figure 3.14C and 3.14E). This shows that in dmc14 rad51A4 cells, Pch2

mediated removal of Hop1 from chromosome axis takes place. Removal of Hop1
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Figure 3.14: rad514 dependent override of dmc14 meiotic arrest is mediated by
Pch2

A. Western blot analysis comparing the meiotic progression via expression of cdc5
and meiotic checkpoint markers via expression of Hop1 and pH3-T11 in wild type
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Figure 3.14 continued

(yGVv4577) , dmc1a (yGV48), dmci1A rad514 (yGV1401), and dmc14 rad544
(yGV4796) cells Pgk1 was employed as a loading control. B. Meiotic cell cycle
progression of strains used in (A) using a-tubulin whole-cell immunofluorescence. A
minimum of 200 cells were analyzed for each data point. C. Representative
immunofluorescence images of meiotic spreads from dmc14 (yGV48), dmc14 rad514
(yGV1401) and dmc1Arad514 pch24 (yGV1409) strains stained for an SC-component
Gmc2 (green) and Hop1 (red) at 6 hours post-induction of meiosis. DAPI depicts the
DNA. D. and E. Quantification of the total sum intensity after background correction of
chromosomal Gmc2 and Hop1 from meiotic spreads of strains used in (C). Number of
cells analyzed are n=33, n=31, and n=31 for dmc14, dmc1Arad51Aand dmc1Arad514
pch24 respectively. **** indicates significance with p<0.0001. Mann-Whitney U test.
Mean and standard deviation are indicated. F. Expression analysis of Cdc5, Hop1 and
pH3-T11 to compare meiotic progression and checkpoint activity in  wild type
(yGV4577), dmc14 rad514 (yGV1401), dmc1A rad514 pch24 (yGV1409), dmc1A4
rad514 HOP1/hop14 (yGV4713) and dmc14 rad514 pch24 HOP1/hop14 (yGV4715)
strains. Pgk1 is loading control. G. Comparison of meiotic progression using a-tubulin
immunofluorescence for analyzing spindle morphology in strains used in (F). A
minimum of 200 cells were analyzed for each data point.

from chromosomes is associated with silencing of the checkpoint suggesting in dmc14
rad514 cells Pch2 might be involved in silencing of the meiotic prophase checkpoint.
If Pch2 does play a role in silencing the checkpoint, then deletion of PCHZ2 in dmc1A4
rad514 background should result in a delay or arrest in prophase. Indeed, deletion of
PCH2 in dmc1A4 rad51A4 resulted in a near-complete arrest of these cells in meiotic
prophase (Figure 3.14F, left panel). This was confirmed by tracing the meiotic
progression via spindle morphology (Figure 3.14G). Neither separation of spindles nor
expression of Cdcb was observed in dmc14 rad514 pch2A4 cells (Figure 3.14F and
3.14G). Additionally, active checkpoint markers of phosphorylated Hop1 and pH3-T11
were highly abundant. This data shows that without Pch2, the meiotic checkpoint
function in dmc14 rad514 cells remains active. To show that the checkpoint mounted
in dmc1A4 rad514 pch2A cells occur via the general meiotic checkpoint signaling
cascade involving Hop1, | investigated the meiotic progression of these cells with
reduced levels of Hop1. dmc14 rad514 pch24 cells with decreased Hop1 levels were
unable to mount the checkpoint and could thus exit prophase and enter meiosis |
(Figure 3.14F, right panel and 3.14G). This emphasized the operation of a single
checkpoint signaling cascade during meiotic prophase. The appearance of long

stretches of SC in dmc14 rad514 and dependence on Pch2 for prophase exit suggests
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it is the Zip1-mediated recruitment of Pch2 to the chromosomes that is responsible for
the silencing of the meiotic checkpoint. Indeed, deletion of ZIP1 in dmc14 rad51A4 cells
show a similar near-complete arrest in meiotic prophase as dmc14 rad514 pch2A4
(Figure 3.15A and 3.15B). Both these strains do not exit meiotic prophase and have
high checkpoint activity. Taken together with previous observations, these results
indicate that Pch2 plays a role in driving both the activation and silencing of meiotic
prophase checkpoint function. The key determinant of whether Pch2 plays the role of
an agonist or an antagonist in the meiotic prophase checkpoint is SC-polymerization

and consequently the recruitment of Pch2 onto the chromosomes.
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Figure 3.15: Zip1 is important for dmc14 rad514 mediated meiotic progression
A. Expression analysis of Cdc5, Hop1 and pH3-T11 to compare meiotic progression
and checkpoint activity in wild type (yGV4577), dmc14 rad514 (yGV1401), dmc14
rad514 pch24 (yGV1409), and dmc1A rad514 zip14 (yGV4737) strains. Pgk1 is
loading control. B. Comparison of meiotic progression using a-tubulin
immunofluorescence for analyzing spindle morphology in strains used in (A). A
minimum of 200 cells were analyzed for each data point.
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3.11 Zip1 mediates the switch between the dual role of Pch2 in checkpoint
control

To further delineate the dual role as an agonist and as an antagonist of meiotic
prophase checkpoint function played by Pch2, | again utilized the inducible Pch2
system. In ndt80A cells, deletion of PCHZ2 results in abundance of phosphorylated
Hop1 and pH3-T11 even during later time points when the homologous chromosomes
have fully synapsed. To confirm the role of Pch2 in silencing the checkpoint, and the
importance of Zip1 herein, | expressed Pch2 using inducible expression system at 7
hours post-induction of meiosis. At this time, extensive SC polymerization has taken
place. Expression of Pch2 led to a rapid reversal of all the markers associated with
active checkpoint. Compared to the non-induced condition decreased phosphorylation
of Hop1 and H3-T11 was observed on induction of Pch2 (Figure 3.16A). Non-induced
conditions were comparable to pch24 and Pch2 induced phenotypes were comparable
to Pch2 expressed from its endogenous promoter (Figure 3.16A). This result suggests
that expression of Pch2 at later time points lead to silencing of the meiotic checkpoint

ostensibly because of the rapid recruitment of Pch2 to the chromosomes.

Finally, to show that Pch2, in a Zip1-dependent manner, is able to silence the
meiotic checkpoint even in the face of continuous DSB signaling, | used the above
described conditions of dmc14 rad514 in combination with the inducible Pch2 system.
Contrary to the effects of inducing Pch2 in zip14 ndt804 conditions, | observed that
induction of Pch2 in dmc14 rad514 cells led to the entry of cells into meiosis |
underscoring the role of Pch2 in checkpoint silencing (Figure 3.16B and 3.16C). The
bypass of the meiotic arrest was possible only in the presence of Zip1, as induction of
Pch2 could not alleviate the arrest in dmc14 rad51A4 zip1A4 (Figure 3.16B and 3.16C).
This indicates that the untimely synapsis that occurs, and hence potential recruitment
of Pch2 to the chromosomes, in dmc14 rad514 cells is the determining factor for the
alleviation of the meiotic arrest. To show that the exit from meiotic arrest is associated
with the effects of Pch2 on checkpoint silencing, | quantified the active checkpoint
markers of phosphorylated Hop1 and pH3-T11. Indeed, upon induction of Pch2, the
levels of both of these markers showed a substantial decrease as compared with the
uninduced control (Figure 3.16D, 3.16E and 3.16F). These results highlight the
importance of Zip1 in the dual role that Pch2 plays during the meiotic prophase

checkpoint. Thus, the presence of Zip1 on chromosomes (in the SC) determines the

81



Results

subcellular localization of Pch2, which in turn acts as a switch for Pch2 to behave either

as an agonist or an antagonist of the meiotic checkpoint network.
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Figure 3.16: Zip1 based SC-polymerization is important for the role of Pch2 in
silencing the meiotic checkpoint

A. Western blot analysis to compare the effects on Hop1 and pH3-T11 expression
profile at indicated time points during meiotic progression with and without induction of
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Figure 3.16 continued

Flag-Pch2 in pGAL-3XFLAG-PCH2 GAL4-ER ndt804 (yGV3171). Samples at 12
hours post-induction of meiosis from pch24 ndt804 (yGV2447) and pPCH2-3xFLAG-
PCH2; ndt804 (yGV2889) are used as control. Estradiol is added at 7 hours post-
induction of meiosis to induce the expression of Pch2 (indicated by *). B. and C.
Comparison of meiotic progression in dmc1Arad514 pGAL-3xFLAG-PCHZ2 (yGV4774)
and dmc14 rad51A zip14 pGAL-3xFLAG-PCHZ2 (yGV4835) with and without induction
of Pch2 by analysis of Cdc5 expression using western blot and by counting the number
of cells showing separated spindle poles using whole-cell immunofluorescence.
Expression of Pch2 was induced 7 hours post-induction of meiosis (indicated by *). For
whole-cell immunofluorescence, a minimum of 200 cells were analyzed for each data
point. D. Western blot analysis to compare the meiotic checkpoint activity with and
without induction of Pch2 in dmc1A4 rad514 pGAL-3xFLAG-PCH2 (yGV4774).
Expression of Pch2 was induced 7 hours post-induction of meiosis (indicated by *). E.
and F. Quantification of the total cellular levels of phosphorylated Hop1 (slow migrating
band) and pH3-T11 from the western blots shown in (D). Mean values + SD are
calculated from two different experiments.
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Chapter 4
Discussion

During meiosis, one round of DNA replication is followed by two rounds of
chromosome segregation events: first homologous chromosomes segregate followed
by the segregation of sister chromatids. To ensure faithful segregation of homologous
chromosomes, a tight association between the homologs is required. Cells depend on
accurate execution of interdependent processes of homologous recombination and
synaptonemal complex (SC) polymerization to establish such associations. The
chromosomal localization of Hop1, a HORMA domain-containing protein, and
establishment of proper chromosomal axis is pivotal for the proper assembly of the SC
(Carballo et al. 2008; Hollingsworth and Byers 1989; Hollingsworth, Goetsch, and
Byers 1990; Niu et al. 2005). Hop1 is also a critical component of the checkpoint
signaling cascades monitoring the correct execution of both recombination and SC
assembly (Subramanian et al. 2016; Ho and Burgess 2011; Carballo et al. 2008; Niu
et al. 2005). Pch2, in an SC-dependent manner, is responsible for actively removing
its client Hop1 from the chromosomes (Herruzo et al. 2016; San-Segundo and Roeder
1999; Chen et al. 2014; Subramanian et al. 2016). In this study, | show that, apart from
regulating the levels of Hop1 on chromosomes, Pch2 is also involved in regulating the
chromosomal abundance of Zip1. Pch2, Hop1 and Zip1 set up an intricate feedback
system to regulate the dynamics of SC assembly. This study also sheds light on the
framework for checkpoint signaling during meiotic prophase. | propose the existence
of a common meiotic prophase checkpoint instead of distinct signaling cascades
responding to different lesions. | show that Pch2 and Hop1 are responsible for setting
the homeostatic control of this checkpoint function. Pch2 does so by playing a role in
both activation and inactivation of the checkpoint. Finally, | unravel that the dual role
of Pch2 is determined by the cellular context of Pch2, which in turn is determined by

SC polymerization.

41 Pch2, Hop1 and Zip1 create a feedback system to regulate SC assembly
An initial objective of this study was to determine if Pch2 plays a role in the

regulation of SC assembly. The polymerization of SC is concomitant with the
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chromosomal recruitment of Pch2 (Bhalla and Dernburg 2005; San-Segundo and
Roeder 1999; Subramanian et al. 2016). On the chromosomes, Pch2 helps in the
active removal of Hop1 from chromosomal axis (Chen et al. 2014; Herruzo et al. 2016).
In accordance with previous literature, | show that the deletion of PCH2 leads to
significantly higher levels of Hop1 on the chromosomes (Figure 3.1A and 3.1B)
(Herruzo et al. 2016; Joshi et al. 2009; San-Segundo and Roeder 1999; Subramanian
et al. 2016). The increase in the chromosomal occupancy by Hop1 was in agreement
with an increase in the total cellular level of Hop1 (Figure 3.1D). Deletion of PCH2
having a consequence on the total cellular levels of Hop1 suggests that Pch2 plays a
role in the stability of Hop1 protein. Indeed, other AAA+ ATPases like Cdc48 are
involved in substrate proteolysis by employing the Ubiquitin Fusion Degradation
pathway (Ghislain et al. 1996). Whether Pch2 also regulates the stability of Hop1 using
similar mechanisms is an important question that warrants investigation. Apart from
the effects on Hop1, deletion of PCHZ2 also led to an increase in the chromosomal
abundance of Zip1 (Figure 3.1A and 3.1C). This observation strengthens previous
studies that showed that deletion of PCH2 leads to higher colocalization of Hop1 and
Zip1 on the chromosomes (Borner, Barot, and Kleckner 2008; Joshi et al. 2009).
Notably, the chromosomal increase of Zip1 was not associated with an increase in the
total cellular levels of Zip1 (Figure 3.1D). This suggests that Pch2 regulates the SC

assembly by restricting the chromosomal loading of Zip1.

The structural and mechanistic similarities between the SC and the polycomplex
(PC) has resulted in the utilization of PC as a tool to study both formation and regulation
of SC assembly. For example, Fpr3, a proline isomerase, was discovered as a
regulator of SC assembly by examining the effects of Fpr3 on PC formation in a DSB
deficient cell (Macqueen and Roeder 2009). PCs have also been observed in
conditions of prolonged meiotic prophase or when SC components like Zip1 are
overexpressed (Sym and Roeder 1995; Dong and Roeder 2000; Bhuiyan, Dahlfors,
and Schmekel 2003). In line with this, | also observed that PCs exist in cells which
experience prophase arrest because of the absence of transcription factor Ndt80
(Figure 3.1G and 3.2B). As cells spend more time in prophase, the total levels of Zip1
gradually increase, correlating with an increase in the number of cells showing PCs. In
accordance with the role of Pch2 in regulating SC assembly, Pch2 was also observed

to regulate the number of cells showing the presence of PC. Fewer pch2A ndt80A cells
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contained PC structures as compared to ndt80A cells (Figure 3.1G and 3.2B).
However, pch2A cells exhibited no difference in PC abundance formed due to the
absence of DSBs, proving that Pch2 is not directly involved in the formation of PC
(Figure 3.3C and 3.3D). This observation, along with the evidence that pch2A ndt80A
cells accumulate PC structures at later stages of meiotic arrest, led me to speculate
that PC formation can be treated as the aggregation of surplus SC components that
are left after extensive polymerization of SC on chromosomes. This proposal can be
extended to explain why PC formation is delayed in pch2A cells: the higher abundance
of Zip1 on the chromosomes in pch2A conditions ensures less availability of non-
chromosomal Zip1 for PC formation. Moreover, decrease in the number of cells
showing PC formation under conditions of lower Zip1 levels provided further credence
to this hypothesis (Figure 3.4C). Cells lacking PCH2 exhibited a synergistic effect with
lower levels of Zip1 on PC abundance, and strengthened the initial observation of
Pch2’s role in restricting levels of Zip1 deposition on chromosomes (Figure 3.4C).
Lowering the levels of Hop1 and quantifying PC abundance provided insights into how
Pch2 might be regulating the chromosomal abundance of Zip1, and consequently PC
formation. Cells containing lower levels of Hop1 corresponded with lower amounts of
chromosomal Zip1 (Figure 3.5D). The lower amount of Zip1 on chromosomes in pch2A
cells with Hop1 heterozygosity reflected in a higher prevalence of cells containing PCs
as compared to cells lacking Pch2 only (Figure 3.5A and 3.5C) suggesting a role of
chromosomal Hop1 in facilitating the chromosomal occupancy by Zip1. Based on these
observations, | conclude that PC formation is a common phenomenon, and the
occurrence of PC is dependent on the extent of SC polymerization that has taken place
on chromosomes. This view departs from the current opinion that PC formation is only
a consequence of defective DSB formation or processing. The formation of PC is
influenced by the gradual increase in the cellular levels of Zip1 during meiotic prophase
and the process of SC polymerization is regulated quantitatively by the intricate

interplay between Pch2, Hop1 and Zip1.

A number of SC components localize to PC structures with differential
localization patterns. Zip2, Zip4 and SIC protein like Msh4 show polar localization
whereas Zip3 localizes throughout the PC (Hughes and Hawley 2020). To gain further
understanding of the PC, it would be interesting to investigate if the proteins showing

different PC localization also behave differently in terms of total cellular levels. One
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would not expect the levels of proteins that cap the PCs to increase but for the proteins
that localize throughout the PC to show a trend reminiscent of Zip1 levels. Since SC is
a highly dynamic structure, it is plausible that PC acts as the reservoir which provides
the building blocks for the assembly of SC. However, if the PC has any physiological
role relevant to the proper progression of cells during meiosis still needs an

investigation.

4.2 Pch2 and Hop1 set the homeostatic control of the meiotic prophase
checkpoint

Hop1 transduces signals emanating from defects in both synapsis and
recombination (Wu and Burgess 2006; Wu, Ho, and Burgess 2010). However, the
prevailing model indicates that Pch2 plays an exclusive role in the checkpoint signaling
arising due to the synapsis defects (Wu and Burgess 2006). Absence of PCH2 in cells
containing lower levels of Hop1 causes cells to progress faster through the meiotic
prophase because of a compromised checkpoint (Figure 3.7B and 3.7C). By making
use of ZIP1 and DMC1 deletions to trigger synapsis and recombination signaling
defects respectively, | showed that Pch2 is indispensable not only for synapsis
checkpoint signaling but also for the recombination defect signaling (Figure 3.9B and
3.11B). Based on these observations, | propose that the checkpoint signaling initiated
by the cellular defects, be it synapsis or recombination, share a common signaling
cascade (Figure 4.1). The observation that both checkpoint cascades are dependent
on DSB formation and employ Mek1 as the effector kinase further propagates the idea

of a single signaling logic for different cellular defects (Wu, Ho, and Burgess 2010).

Synapsis
checkpoint response

\

Non-Chromosomal

/v Pch2
Recombination

checkpoint response

Meiotic prophase

—» Hop1-P —>» Mek1-P —— checkpoint function

Figure 4.1: Both synapsis and recombination defects are relayed by a general
meiotic checkpoint signaling cascade

A flowchart showing the requirement of non-chromosomal Pch2 in relaying the
checkpoint response emanating from both synapsis and recombination defects. Pch2
facilitates the phosphorylation of Hop1, which in turn facilitates the activation of effector
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Figure 4.1 continued
kinase Mek1 to generate a meiotic prophase checkpoint response. For simplicity,
multiple other proteins involved in the signaling cascade are omitted.

To reconcile the paradoxical role of Pch2 in checkpoint signaling emanating
from synapsis and recombination defects with the hypothesis of a single checkpoint
operating during meiotic prophase, | posit that a crucial requirement for optimal
checkpoint signaling is the presence of sufficient signaling competent Hop1.
Analogous to SAC signaling, where TRIP13 helps to constantly generate the open
topological conformation of Mad2 (O-Mad2), | propose a model whereby non-
chromosomal Pch2 (Pch2 recruitment to chromosomes is impaired in both zip7A and
dmc1A conditions) plays a role in the meiotic checkpoint signaling cascade by
constantly generating the signaling competent form of Hop1, which can be readily
incorporated into the chromosome axis. Hop1 is incorporated into the chromosomes
by its interaction via the closure motif present in another axial element protein called
Red1. Meiotic HORMA proteins like Hop1 are unique because they also contain their
own closure motif. Pch2, potentially in a manner similar to how Pch2/TRIP13 works on
Mad2, functions as a machine that constantly helps in freeing the Hop1 HORMA
domain from its own closure motif (intra-C-Hop1) to generate a different topological
conformation (most likely U-Hop1) (Ye et al. 2017). The availability of free HORMA
domain facilitates the incorporation of Hop1 into the chromosomal axis, via its
interaction with the closure motif present in Red1 (West, Komives, and Corbett 2018).
Chromosomal incorporation results in the availability of Hop1 for phosphorylation by
DSB-dependent active Mec1/Tel1 kinases resulting in the generation of the
biochemical entity required for the checkpoint function, i.e. Active Mek1 (Wu, Ho, and
Burgess 2010). The observation that almost all the signaling competent form of Hop1
(a slow migrating specie of Hop1) is found on the chromatin (Figure 3.11C) and that
timed induction of Pch2 in synapsis-deficient cells facilitates Hop1 phosphorylation
(Figure 3.13A and 3.13B) supports the idea that Pch2 helps in creating enough
signaling competent U-Hop1 to be incorporated into the chromosome-based
checkpoint signaling by Mec1/Tel1. In principle, this is similar to kinetochore-based
MCC signaling where TRIP13 facilitates the MCC formation by providing sufficient O-
Mad2 (Ma and Poon 2018; Marks et al. 2017; Kim et al. 2018; Nelson et al. 2015; Ma
and Poon 2016).
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The model in which the role of Pch2 in checkpoint function is to generate
sufficient levels of signaling competent U-Hop1 needs to be extended to explain why
under certain conditions Pch2 seems to be dispensable for the functioning of the
checkpoint. dmc1A cells undergo extensive 5’-3’ nucleolytic degradation (resection) of
DNA after DSB formation but are deficient in enabling stable strand invasions. Deletion
of DMC1 results in the meiotic prophase arrest of cells and the presence of Pch2
seems dispensable for the meiotic arrest (Hochwagen et al. 2005; Wu and Burgess
2006). To reconcile this observation with the model proposed, | hypothesize that in
dmc1A cells sufficient concentrations of signaling competent Hop1 is present, even
without the presence of Pch2. However, under these conditions, sufficient signal for
inducing checkpoint arrest can only be attained with very high levels of DSB-dependent
Mec1/Tel kinase activity. The activity of Mec1 and Tel1 is modulated by their response
to different DNA structures. Blunt DSB ends are the preferred substrate for the binding
and activity of Tel1 whereas Mec1 recruitment and activity require the formation of
ssDNA arising from 5’-3’ resection of DNA (Shiotani and Zou 2009; Zou and Elledge
2003). Thus, in the case of dmc1A cells where extensive resection takes place, a
hyperactivated Mec1 is present that potentially results in stabilizing the incorporation
of sufficient Hop1 into checkpoint signaling cascade. Indeed, a similar level of
phosphorylated Hop1 is observed in both dmc1A and dmc1A pch2A cells, and even in
dmc1A HOP1/hop1A cells suggesting that the role of Pch2 is important only under
unperturbed conditions, or under conditions of low kinase activity (Figure 3.11A and
3.11C). Strikingly, the phosphorylated form of Hop1 is readily lost in dmc1A pch2A
HOP1/hop1A cells (Figure 3.11A), underscoring the importance of Pch2 in cells with
lower levels of Hop1. This level of signaling competent Hop1 is maintained because of
the equilibrium between the two states (U-Hop1 and C-Hop1) of Hop1, which in turn is
dependent on total Hop1 levels. Thus, the role of Pch2 is indispensable either in

conditions of low kinase activity or limiting levels of Hop1.

The proposal that Pch2 is important for facilitating Hop1 phosphorylation by
Mec1/Tel1 kinases is further validated by the observation that another recombination
deficient condition of sae24, where DSB’s occur but resection of DNA is impaired,
require the presence of Pch2 for the meiotic delay (Figure 3.8A) (Prinz, Amon, and
Klein 1997; Ho and Burgess 2011). Without Pch2, sae2A cells fail to generate optimal
checkpoint signaling (Figure 3.8A). Because of the presence of only DSB blunt ends
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and no resection, in sae2A cells, Tel1, and not Mec1, is expected to be active. Deletion
of TEL1 in sae2A cells results in similar alleviation of the checkpoint delay as caused
by deletion of PCH2 in sae2A cells, supporting the idea that Pch2 facilitates the
phosphorylation of Hop1 by Mec1/Tel1 kinases (Ho and Burgess 2011; Joshi et al.
2015). On comparing observations from dmc1A and sae2A cells, it becomes evident
that the presence of Pch2 is extremely critical for checkpoint signaling in cases of less

extreme kinase activity, or in general, under wild type scenarios.

DSBs in zip1A cells disappear with a comparable kinetics to those of
unperturbed cells (Borner, Kleckner, and Hunter 2004) resulting in less extreme
Mec1/Tel1 kinase activity as compared to dmc71A cells. The less extreme kinase
activity renders Pch2 important for generating optimal checkpoint signal which explains
why deletion of PCH2 results in the alleviation of checkpoint delay in zip71A. In addition
to this, Pch2 is also indispensable for checkpoint signaling in cells containing lower
levels of Hop1 with no other perturbations (Figure 3.7C). As described above, deletion
of PCHZ2 results in an increase in the total cellular levels of Hop1 (Figure 3.1D). This
might affect checkpoint functionality by influencing the absolute concentration of
signaling competent U-Hop1, by increasing the spontaneous conformation change
(see above). A recent study has also pointed out to the influence of total Hop1 levels
on checkpoint functions (Herruzo et al. 2016). Overexpression of Hop1 in zip1A pch2A
cells restores checkpoint functionality (Herruzo et al. 2016). Interestingly, decreasing
the levels of Hop1 in zip71A results in the partial alleviation, comparable to the deletion
of PCHZ2 in zip1A, of the meiotic delay (Figure 3.9B) confirming that the total levels of
Hop1 do have an influence on the competence of checkpoint function. These
observations imply that Pch2 and Hop1 have an additive or combined effect on the
proper functioning of the meiotic prophase checkpoint. The dependence of Pch2’s
checkpoint functionality on Hop1 levels is again reminiscent of the similar signaling
logic operating during SAC function. Overexpression of Hop1 rendering the function of
Pch2 indispensable during meiotic checkpoint function is analogous to the
overexpression of Mad2 which renders the function of TRIP13 non-essential in SAC

signaling (Marks et al. 2017).
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4.3 SC assembly dictates the switch-like behavior of Pch2 in checkpoint
function

Analogous to the role of TRIP13 in SAC function, Pch2 plays a role in the
activation of meiotic prophase checkpoint. However, TRIP13 is also responsible for
silencing the SAC signaling (Alfieri, Chang, and Barford 2018; Kim et al. 2018; Ma and
Poon 2016; Wang et al. 2019; Eytan et al. 2014). To examine if Pch2 also plays a role
in silencing of meiotic prophase checkpoint signaling, | investigated the role of Pch2 in
a condition where cells exit meiotic prophase even in the presence of ongoing
checkpoint signaling. Deletion of RAD57 leads to a bypass of the checkpoint arrest
caused due to a lack of DMC1, even in the face of unrepaired DNA DSBs (Figure
3.14B) (Shinohara et al. 1997; Markowitz et al. 2017; Farmer et al. 2012). The
observation that meiotic arrest was restored in dmc1A rad51A on deletion of PCH2
shows that the presence of Pch2 is also responsible for silencing of the meiotic
prophase checkpoint (Figure 3.14F and 3.14G). In fact, it shows that Pch2 can lead to
silencing of the checkpoint even in the face of ongoing checkpoint signaling. Thus,
Pch2 can act as an agonist as well as an antagonist of the meiotic progression.
However, the observation that pch2A cells eventually exit the meiotic prophase,
despite exhibiting a delay in meiotic progression, argues against the idea that Pch2 is
the only factor responsible for the silencing of the checkpoint. It predicts the presence
of additional checkpoint silencing pathways operating redundantly with Pch2. Indeed,
protein phosphatases like Glc7 and the protein phosphatase 4 (PP4) have been
indicated to counteract the Mec1/Tel1 dependent phosphorylation of Hop1 and or
Mek1, and hence promote checkpoint inactivation (Chuang, Cheng, and Wang 2012;
Bailis and Roeder 2000) (Hochwagen et al. 2005). Presence of multiple factors for
silencing of the meiotic prophase checkpoint signal is analogous to SAC signaling,
where silencing of the active checkpoint is also achieved via multiple pathways. Apart
from Pch2/TRIP13 mediated disassembly of MCC, multiple mechanisms involving
removal of checkpoint proteins from attached kinetochore or through phosphatases
that counteract the activity of mitotic kinases also contribute to the silencing of the SAC
signaling (Liu et al. 2010; Meadows et al. 2011; Rosenberg, Cross, and Funabiki 2011;
Howell et al. 2001).

It is well known that Pch2 is recruited to chromosomes in a Zip1 synapsis(San-

Segundo and Roeder 1999) dependent manner (Subramanian et al. 2016). The
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observation that dmc1A rad51A cells show an increase in the assembled SC structures
compared to dmc1A cells alone (Figure 3.14C and 3.14D) provided an indication
towards understanding the rationale behind the silencing property of Pch2 function. |
speculated that synapsis in dmc1A rad51A cells lead to the chromosomal recruitment
of Pch2 and this change in the subcellular localization i.e. Pch2 being chromosomal or
non-chromosomal, determines whether it functions in the activation of the checkpoint
or its inactivation. This hypothesis predicts that deletion of Z/P1, and hence impairing
the recruitment of Pch2 to chromosomes, should lead to the impairment of the silencing
effect of Pch2. Indeed, deletion of ZIP1 in dmc1A rad51A cells led to the restoration of
meiotic arrest, similar to the deletion of PCHZ2, indicating that is the chromosomal
recruitment of Pch2 which leads to its function in silencing the checkpoint (Figure 3.15A
and 3.15B).

Although polymerization of the SC is concomitant with the recruitment of Pch2
to chromosomes, a number of observations point out that SC polymerization is not the
only factor responsible. Cells with ZIP1-4LA, a mutation in ZIP1 where four leucine
residues in the central coiled-coil region are replaced with alanine, show extensive SC
polymerization without the recruitment of Pch2 to the chromosomes (Mitra and Roeder
2007; Subramanian et al. 2016) suggesting it is not SC polymerization per say which
is responsible for recruitment of Pch2 to the chromosomes. Pch2 is also recruited to
the chromosomes in zip1A cells also lacking DOT1, a histone methyltransferase (San-
Segundo and Roeder 2000). Deletion of DOT 1 leads to the alleviation of the checkpoint
delay caused due to zip71A, ostensibly because of the recruitment of Pch2 to
chromosomes. Moreover, multiple other factors like Orc1 (a component of ORC
complex), active transcription and Topoisomerase Il have been shown to play a role in
the recruitment of Pch2 to chromosomes (Cardoso da Silva, Villar-Fernandez, and
Vader 2020; Villar-Fernandez et al. 2020; Heldrich et al. 2020). Whether these factors
also play a role in establishing the function of Pch2 as an agonist or an antagonist of

meiotic progression still needs to be examined.

4.4 Dual role of Pch2: a summary of the model
Depending on the cellular context, Pch2 can either act as an agonist or an
antagonist of the meiotic prophase checkpoint. But how does the change in the cellular

context of Pch2 lead to opposite functions? | propose that both activation and
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inactivation functions of Pch2 are a result of the same biochemical activity of Pch2 on
Hop1. During early prophase, or in cases where Pch2 cannot be recruited to
chromosomes e.g. in zip1A or dmc1A cells, non-chromosomal Pch2 facilitates the
activation of checkpoint by promoting the availability of U-Hop1, by inducing a
conformational change from intra-C-Hop1 (Figure 4.2, depicted by A). U-Hop1 can
then interact with the closure motif present in Red1, leading to the chromosomal
recruitment of Hop1 and a change in conformation from U-Hop1 to C-Hop1. Interaction
of Hop1 with Red1 allows Hop1 to oligomerize via its free closure motif to form an
assembly resembling “beads on a string” (Figure 4.2, depicted by C). Chromosomal
Hop1 acts as the substrate for Mec1/Tel1 kinase activity which are activated on the
chromosomes by different DNA substrates (see above). Phosphorylation of Hop1
recruits the checkpoint effector kinase Mek1 and facilitates its activation by trans auto-
phosphorylation. The active Mek1 allows the cells to maintain an arrest in the meiotic
prophase until the completion of crucial events like formation of obligate crossover has

taken place.

Upon successful engagement of crossover repair, SC polymerization drives the
recruitment of Pch2 to the chromosomes. Chromosomal Pch2 helps in silencing the
checkpoint by removing Hop1 from the chromosomes by inducing the topological
conformation change in Hop1, via disruption of HORMA-closure motif interaction.
Since there are two such interactions taking place: Hop1-HORMA:Red1-closure motif
and Hop1-HORMA:Hop1-closure motif, there are potentially two scenarios of how
Pch2 might be acting to modulate the chromosomal levels of Hop1. In Scenario 1,
Pch2 is able to disrupt the Hop1-Red1 interaction, thereby removing all of the Hop1
from the chromosomes (Figure 4.2, depicted by D). Observations made by
immunofluorescence experiments on meiotic chromosome spreads, where no or very
less Hop1 is observed on chromosomes after recruitment of Pch2, support this
scenario. However, a point mutation in the closure motif of Hop1, HOP71-K593A,
renders the checkpoint activity of cells non-functional, irrespective of the fact that this
mutant can still localize to chromosomes and can interact with Red1 (Niu et al. 2005).
This observation reflects a scenario where Hop1 can interact with Red1 but the
mutation in the closure motif of Hop1 renders the oligomerization of Hop1 impaired. As
such, only the recruitment of Hop1 to chromosomes does not lead to checkpoint

functions. This predicts another scenario where Pch2 can silence the checkpoint by
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disassembly of the Hop1 oligomers via disruption of inter-Hop1 interactions (i.e. Hop1-
HORMA:Hop1-closure motif) (Figure 4.2, depicted by E, Scenario 2). In both the
scenarios, the activity of chromosomal Pch2 on Hop1 restricts its participation in active

checkpoint signaling, thus helping in silencing of the checkpoint.

The SC polymerization provides the switch in preference of the client (from intra-
C-Hop1 to C-Hop1) thereby dictating the dual role of Pch2. The SC assembly on the
chromosomes initiates from two different sites: from centromeres and from crossover
designated sites (also known as synapsis initiation complex (SIC) sites because of the
assembly of different proteins involved in facilitating crossover and synapsis). SC
assembly initiating from SIC sites may act as a local individual chromosome-based
molecular signal which communicates the successful formation of an obligatory
crossover to the rest of the chromosome and triggers a switch towards silencing of the
checkpoint. It is a proposal put forward by multiple studies, with this doctoral work
joining the list (Borner, Barot, and Kleckner 2008; Subramanian et al. 2016; Carballo
et al. 2013; Thacker et al. 2014; Lao et al. 2013). In drawing parallels with SAC, the
assembly of SC can be conceptually likened to chromosome biorientation, a cytological

state after which MCC disassembly needs to be promoted.

The switch-like characteristic in Pch2 function is potentially also favored
because of the inherent capability of Hop1 to adopt intra-C-Hop1 conformation
immediately after it is removed from the chromosomes. The intra-C-Hop1 cannot be
incorporated into the checkpoint signaling cascade without the active conformation
change induced by Pch2. With Pch2 localized to the chromosomes, no active intra-C-
Hop1 to U-Hop1 conformation change can take place, leading to the gradual
suppression of checkpoint and entry into meiosis |. Recent studies in Arabidopsis
thaliana have made observations that support this prediction and suggest conserved
behavior (Yang et al. 2020). The interplay between Pch2 and Hop1 is highly dynamic.
Removal of Pch2 from chromosomes, by making use of a Zip1 anchor away method,
leads to fast recovery of Hop1 onto the chromosomes (Subramanian et al. 2016). The
dynamicity of the Pch2-Hop1 module accounts for the fact there is a basal level of
spontaneous U-Hop1 being formed from intra-C-Hop1, without active conformational
change by Pch2 (Figure 4.2, depicted by B). Even if basal levels of U-Hop1 is

converted into C-Hop1 at chromosomes and is incorporated into the checkpoint
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signaling, the rate of conversion of C-Hop1 to U-Hop1 will remain high because of high
local concentration of Pch2 at the chromosomes. Thus, this difference in the rate of
conformation conversion of Hop1 at chromosomal and non-chromosomal sites by

Pch2 ensures silencing of the checkpoint signaling upon chromosomal recruitment of

Pch2.
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Figure 4.2: Model explaining the dual role of Pch2 in meiotic prophase checkpoint
function

A change in conformation of Hop1 (intra-C-Hop1 to U-Hop1) is required for it to
associate with the closure motif of chromosomal Red1. Hop1 can undergo this
conformational change by non-chromosomal Pch2 mediated active transformation
(depicted by A) or by a spontaneous transformation (depicted by B). U-Hop1
associates with Red1, and Hop1 then oligomerizes by interaction via closure motif on
interacting Hop1 forming assemblies which resemble “beads on a string” (depicted by
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Figure 4.2 continued

C). SC polymerization then drives the change in localization of Pch2. On
chromosomes, Pch2 removes the assemblies of Hop1 either by disrupting the Hop1
HORMA:Red1 closure motif interaction (depicted by D) or by disrupting Hop1
HORMA:Hop1 closure motif interaction (depicted by E). Disruption of Hop1 assemblies
leads to removal of Hop1 from the checkpoint siganlling cascade, thus silencing the
checkpoint function.

To summarize, it is the same biochemical activity of disrupting HORMA-closure
motif interaction by AAA+ ATPase Pch2 that can lead to differential outcomes
depending on the subcellular localization and context of Pch2, which in turn is dictated

by the polymerization of SC.

In light of these observations and the proposed model, it is attractive to revisit
the checkpoint role of Fpr3, a proline isomerase protein. Fpr3 plays a role in
maintaining the continued checkpoint arrest caused due to the deletion of dmc1A
(Hochwagen et al. 2005). In the same study, in contrast to Pch2 function, deletion of
FPR3 was shown to bypass the checkpoint arrest in dmc1A cells but did not lead to
the alleviation of the meiotic delay in zip1A cells. These observations prompted authors
to propose that Pch2 and Fpr3 function in genetically distinct pathways. Fpr3 also
regulates the assembly of SC, especially SC polymerization initiating from the
centromeres (Macqueen and Roeder 2009). Considering the observations made in this
doctoral work regarding recombination and synapsis defects being relayed via the
same signaling cascade, and with the available literature about the role of Fpr3 in
regulating SC assembly, | propose that dmc1A fpr3A cells bypass the meiotic arrest in
a manner similar to how deletion of RAD51 allows dmc1A cells to exit meiotic
prophase: that is by allowing untimely synapsis. Evidently, this proposition would imply
that the bypass of meiotic arrest in dmc1A fpr3A would depend on the checkpoint
silencing functions of Pch2. Indeed, deletion of PCHZ2 restores the meiotic arrest in
dmc1A fpr3A cells (personal communication, Andreas Hochwagen, New York
University). In fact, restricting the chromosomal recruitment of Pch2 to the
chromosomes by deleting ZIP1 in dmc1A fpr3A cells, also leads to the restoration of
checkpoint arrest in dmc1A fpr3A cells (personal communication, Andreas
Hochwagen, New York University). These observations suggest that Fpr3 functions in

the same genetic pathway as Rad51, and in both cases Pch2 enables the exit from
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meiotic prophase. This, however, raises important questions about how Rad51 and

Fpr3 regulate the SC assembly.

4.5 AAA+HORMA: a conserved module across cellular processes, organisms
and evolution

HORMA domain proteins are involved in regulation of a multitude of cellular
processes. There is a rapid increase in literature suggesting that HORMA domain
proteins are almost always accompanied with a AAA+ ATPase to modulate their
function. The observation of the co-occurrence of HORMA domain protein and the
presence of TRIP13-like ATPase in a single operon in bacterial genomes show that
this module of AAA+ HORMA is evolutionarily ancient (van Hooff et al. 2017). A recent
bioinformatic study does provide some answers to the question of the evolutionary
history of this module. It shows that both eukaryotic HORMA domain proteins and
Pch2/TRIP13 ATPases form a monophyletic group within bacterial HORMA proteins
and bacterial Trip13 proteins respectively (Tromer et al. 2019). Further, a recent study
showed that the mode of action of Trip13-like ATPase and HORMA proteins in
imparting immunity to bacteria against bacteriophage is very similar to eukaryotic
AAA+ HORMA module suggesting the conservation of this module and its modus

operandi from bacteria to mammals(Ye et al. 2020) .

The presence of AAA+ HORMA module across organisms and the conservation
of mode of action raises a fundamental question of the reasons for adaptation of this
module to signaling cascades responding to different stimuli. One reason could be to
impart a higher level of dynamicity and responsiveness to the system. AAA+ HORMA
module typically relies on the same biochemical activity but mostly responds to the
external changes via a switch in the preference of substrate or a change in localization.
However, AAA+ HORMA module is generally dependent on the initial burst of signaling
via a post-translational modification, in most cases the activity of a kinase. For
example, in meiotic prophase checkpoint, Mec1/Tel plays the role of initiating the
signaling cascade. Similarly, SAC signaling initiates with the activity of Mps1 and other
kinases on kinetochore proteins. The interdependency of this module on typical
signaling cascade pathways potentially helps in bringing a higher order of dynamicity
to the system while still maintaining the robustness of a kinase-phosphatase signaling

module.

97



Perspectives

Chapter 5
Perspectives

Cell cycle checkpoints ensure that critical events such as genome replication
and chromosome segregation are completed with high fidelity. Checkpoints that
operate during meiotic prophase control meiotic progression to ensure proper
execution of crucial events like DSB formation, recombination and synapsis. Pch2 and
Hop1 are critical components of the meiotic prophase checkpoint signaling. This
doctoral work further advances the understanding of Pch2 and Hop1 during meiotic
processes and establishes a unified model explaining what previously seemed
paradoxical roles played by Pch2 during meiotic checkpoint function. Along with these
advances, this doctoral work also lays a platform for future investigations. The
immediate questions which need further examinations are i) understanding the
mechanistic details of chromosomal recruitment of Pch2, ii) the molecular explanation
of the role of Rad51 in maintaining the arrest in dmc1A4 cells, and iii) the evolutionary

conservation of these processes in other organisms.

Pch2 and Hop1 synergistically modulate the meiotic checkpoint function. The
cellular context of Pch2 is a major determinant for its role in the checkpoint function:
non-chromosomal Pch2 functions as an agonist whereas chromosomal Pch2 functions
as an antagonist of the meiotic checkpoint function. As such, chromosomal recruitment
of Pch2 provides the switch in the function of Pch2. The recruitment of Pch2 to
chromosomes is dependent on factors like synapsis, chromatin modifications, active
transcription, and Orc1 (Cardoso da Silva, Villar-Fernandez, and Vader 2020; Villar-
Fernandez et al. 2020; Heldrich et al. 2020; San-Segundo and Roeder 2000).
However, the mechanistic details of recruitment of Pch2 to the chromosomes remain
poorly understood. A subset of chromosomal Pch2 localizes at the synapsis initiation
complex (SIC) sites (Joshi et al. 2009). My initial investigations towards understanding
the mechanistic details of chromosomal recruitment of Pch2 suggested that Pch2
associates with a SIC factor, Msh4. The association of Msh4 with Pch2 was first
observed by performing a label-free mass spectrometric analysis of an NHz-terminally

Flag-Pch2 and later confirmed by co-immunoprecipitation analysis (Figure 8.1,
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Appendices). AAA+ ATPases with a mutation in the Walker B domain, which can bind
to ATP but cannot hydrolyze it, are known to bind stably to their substrates. Pch2-
E399Q, a Walker B domain mutant version of Pch2, also associates with Msh4 but
does not show a stronger association as compared to wild type Pch2 suggesting Msh4
might not be a substrate of Pch2. Interaction of Pch2 with a SIC component is
particularly interesting in light of Pch2’s role in processes like crossover interference.
Apart from providing answers to chromosomal recruitment of Pch2, investigation of
functional consequences of Pch2 and Msh4 association might uncover the role of Pch2

in other meiotic processes.

One of the exciting discoveries of this doctoral work is the long unanswered
question of how dmc14 rad514 cells bypass the checkpoint signaling. Deletion of
RADS51 in dmc1A cells leads to the untimely polymerization of SC, which eventually
leads to silencing of the checkpoint, ostensibly via recruitment of Pch2 to the
chromosomes. However, the molecular details of how Rad51 regulates SC assembly
and protects cells from untimely SC polymerization still remain elusive. The inability of
cells lacking RAD54 (an accessory factor of Rad51 facilitating recombination function
of Rad51) to bypass meiotic arrest in dmc714 cells, suggests a recombination
independent mechanism of SC regulation by Rad51. These observations point for the
first time to a recombination independent function of Rad51. Future investigations
should be directed towards understanding the molecular mechanisms behind this

specific characteristic of Rad51 in regulating the SC assembly.

In budding yeast, initiation of SC assembly takes place at two different sites: at
SIC sites, which designate future crossover sites, and at centromeres. Preliminary
experiments performed as part of this thesis showed that the alleviation of the meiotic
arrest in dmc14 rad514 is dependent on the kinetochore component Ctf19. The
deletion of CTF19 in dmc14 rad51A4 restores the high abundance of active meiotic
checkpoint markers and consequently the meiotic arrest (Figure 8.2, Appendices). The
fact that Ctf19 is a component of kinetochore and is known to localize and perform
functions on or near centromeres suggests that Rad51 might be regulating synapsis
initiating from centromeres. Based on these results, | hypothesize that Ctf19 and
Rad51 have antagonizing effects on the initiation of SC polymerization from

centromeres. Ctf19 facilitates Zip1 polymerization which helps in the initial pairing of
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the chromosomes. On the other hand, Rad51 negatively regulates the SC
polymerization thereby ensuring cells do not prematurely silence the checkpoint.
Silencing should only take place when SC polymerization initiates from SIC after the
successful engagement of a crossover. Future studies testing this hypothesis would
help provide molecular details of the role of Ctf19 and Rad51 in the regulation of SC
assembly. Fpr3 is another protein that regulates the SC assembly initiating from
centromeres and evidences suggest that Fpr3 and Rad51 participate in the same
genetic pathway. Whether these proteins co-ordinate to regulate SC assembly is also
an interesting question that warrants an investigation. Moreover, the differential
regulation of SC assembly at two different sites raises an important question about the

evolutionary importance and conservation of this dual SC initiation system.

Finally, the conservation of AAA+-HORMA module across organisms and
different cellular processes raises a key question: is the combined function of Pch2
and Hop1 in modulating the checkpoint also conserved in higher eukaryotes? TRIP13,
the mammalian homolog of Pch2, modulates the chromosomal abundance of Hop1
homologs in mammals, HORMAD proteins, in a similar manner to how Pch2 modulates
the chromosomal abundance of Hop1 in budding yeast (Wojtasz et al. 2009).
Additionally, phosphorylation of HORMAD proteins in mice is restricted to the
unsynapsed chromosome axes (Fukuda et al. 2012). These observations are highly
suggestive of a higher order conservation of the function of Pch2 and Hop1 proteins.
Apart from AAA+ HORMA proteins, an observation from studies on Oryza sativa
suggests a conserved role for Rad51 in restricting the non-homologous interactions
(Zhang et al. 2020). Whether the mechanisms of dual sites for synapsis initiation exist
in higher organisms and if the role of Rad51 in the regulation of SC is also conserved

are fascinating questions to be answered in subsequent studies.
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Chapter 6
Summary

Meiosis is a specialized cell division program utilized by sexually reproducing
organisms to produce gametes (e.g. egg and sperm). As cell progress through meiotic
prophase, the formation of physical linkages between the initially unpaired homologous
chromosomes is established. Without the linkage between homologs, the probability
of chromosome missegregation, and the associated rate of aneuploidy, increases
manifold during chromosomal segregation events. Recombination, where
programmed DNA double-strand breaks (DSBs) are repaired via homologous
chromosomes, generates physical linkages between homologous chromosomes. This
process is facilitated by synapsis, where two homologs come in close proximity to each
other by virtue of the polymerization of synaptonemal complex (SC) at the interface of
two homologs. Checkpoints operate during meiotic prophase to ensure the timely
execution of both recombination and synapsis. Hop1, a HORMA domain-containing
protein plays a central role in checkpoint signaling cascade emanating because of
defects in either recombination or synapsis. On the other hand, Pch2, an AAA+
ATPase, is believed to play a role exclusively in relaying checkpoint function in
response to defects in synapsis. Although Pch2 is known to execute almost all of its
functions via its action on a single client protein, Hop1, it is not fully understood why
Pch2 plays a role specifically in only one checkpoint signaling operating during the
meiotic prophase. In addition, how does Pch2 function in checkpoint regulation during

meiotic prophase has remained elusive.

Chromosomal Hop1 is essential for proper assembly of SC, and Pch2 regulates
the chromosomal abundance of Hop1. Deletion of PCH2 leads to increased
colocalization of Hop1 and Zip1, the central component of SC on the chromosomes.
In this doctoral work, by exploiting budding yeast genetics, | provide a framework of
the feedback mechanism between Pch2, Hop1, and Zip1 responsible for regulating the
SC assembly. | show that Pch2 restricts the chromosomal recruitment of Zip1 by
modulating the chromosomal abundance of Hop1. | also revisited the idea of multiple

checkpoints operating during meiotic prophase and the role of Pch2 in the signaling of

101



Summary

these checkpoints. | show that, in contrast to the current understanding, Pch2 plays a
role in both recombination and synapsis checkpoint signaling. | propose that both these
checkpoints follow the same signaling logic in which Pch2 and Hop1 play a combined
role in optimal checkpoint signaling. | also define and explain the dual role of Pch2 in
checkpoint signaling whereby Pch2, depending on the cellular context, can play the
role of an agonist as well as an antagonist in checkpoint signaling. | show that, under
conditions where Pch2 cannot be recruited to the chromosomes, Pch2 helps in
facilitating the incorporation of Hop1 in chromosome-based checkpoint signaling. On
the other hand, under conditions where Pch2 can be recruited to the chromosomes,
Pch2 fuels checkpoint silencing by removing Hop1 from chromosomes. Pch2 is able
to perform this checkpoint silencing activity even in the face of unrepaired DSBs.
Although multiple factors control chromosomal recruitment of Pch2, | show that, under
unperturbed conditions, by determining the cellular localization of Pch2, polymerization
of SC dictates switch-like checkpoint behavior of Pch2. Collectively, this study shows
that Pch2 and Hop1 establishes a dynamic AAA+ HORMA module that regulates the
meiotic checkpoint function in a manner analogous to the way the AAA+ HORMA
module of Pch2/TRIP13 and Mad2 acts during checkpoint that monitors chromosome

segregation during mitosis and meiosis.
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Figure 6.1: Graphical summary

This doctoral work uncovers and explains the dual role of Pch2 in meiotic checkpoint
function. Non-chromosomal Pch2 acts as an agonist by facilitating the incorporation of
Hop1 in meiotic checkpoint signaling. Upon synapsis, Pch2 is recruited to
chromosomes where it acts as an antagonist of the meiotic checkpoint signaling by
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Figure 6.1 continued

removing chromosomal Hop1 from the signaling cascade. Thus, depending on the
cellular context, the activity of Pch2 on Hop1 can result in opposing outcomes. Image
modified from Raina and Vader, 2020.
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Chapter 7
Zusammenfassung

Sexuell fortpflanzende Organismen bilden Gameten (Eizellen und Spermien)
mittels einer speziellen Art von Zellteilung, die Meiose. In der meiotischen Prophase
werden ursprunglich ungepaarte homologe Chromosomen in der Zelle physisch
miteinander verbunden. Ohne die Verbindung bzw. Paarung der homologen
Chromosomen, ist die Wahrscheinlichkeit der Fehlverteilung der Chromosomen und
die damit assoziierte Aneuploidie wahrend der chromosomalen Teilungen um ein
vielfaches erhoht. Die Paarung der homologen Chromosomen erfolgt durch
Rekombination, ein Vorgang bei dem programmierte DNA Doppelstrang-Briche
(DSBs) via homologe Chromosomen repariert werden. Dies wird durch einen Prozess
unterstutzt, der als Synapse bezeichnet wird. Durch die Polymerisation des
synaptonemalen Komplexes (SC) werden bei der Synapse zwei homologe
Chromosomen in unmittelbarer Nahe zu einander gebracht. Der zeitliche Ablauf der
Rekombination und der Synapse wird durch Kontrollpunkte wahrend der meiotischen
Prophase reguliert. Fehler bei der Rekombination oder Synapse l6sen eine
Kontrollpunkt-Signalkaskade aus, bei der das HORMA-Doman beinhaltende Protein
Hop1 eine zentrale Rolle spielt. Der AAA+ ATPase Pch2 hingegen, wird eine Rolle bei
der Ubermittlung der Kontrollpunkt-Funktion zugesprochen, wenn Fehler bei der
Synapse auftreten. Obwohl Pch2 dafur bekannt ist, dass es fast all seine Funktionen
Uber das Protein Hop1 ausubt, ist nicht vollstandig verstanden, warum Pch2 eine
spezielle Rolle in nur einer Kontrollpunkt Signalibertragung, wahrend der meiotischen
Prophase spielt. Des Weiteren ist es nur schwer nachvollziehbar wie Pch2 in der

Kontrollpunkt Regulation, wahrend der meiotischen Prophase funktioniert.

Chromosomales Hop1 ist fur die korrekte Zusammensetzung des SC
erforderlich, und Pch2 reguliert die chromosomale Haufigkeit von Hop1. Deletion von
PCH2 fahrt zu einer erhohten Kolokalisierung von Hop1 und Zip1, die zentrale
Komponente des SC auf den Chromosomen. Mithilfe der Hefe Genetik, stelle ich in
dieser Doktorarbeit ein Gerust fur den Feedback Mechanismus zwischen Pch2, Hop1

und Zip1, der fur die Regulierung der SC Zusammensetzung verantwortlich ist dar. Ich
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zeige, dass Pch2 die chromosomale Rekrutierung von Zip1 durch das Modulieren der
chromosomalen Haufigkeit von Hop1 begrenzt. Dabei komme ich auf die Idee zu
sprechen, dass mehrere Kontrollpunkte wahrend der meiotischen Prophase operieren
und die Rolle von Pch2 in der Signalisierung dieser Kontrollpunkte. Ich
veranschauliche, dass, im Gegensatz zu dem heutigen Verstandnis, Pch2 eine
Funktion in der Kontrollpunkt Signalisierung der Rekombination und Synapse hat. Des
Weiteren schlage ich vor, dass beide Kontrollpunkte der gleichen Signalisierungslogik
folgen, bei der Pch2 und Hop1 eine gemeinsame Funktion fur die optimale
Kontrollpunkte Signalisierung ausuben. Aul3erdem definiere und erklare ich die duale
Funktion von Pch2 in der Kontrollpunkt Signalisierung. Dabei kann Pch2, abhangig
von den zellularen Umstanden, als Agonist, wie auch als Antagonist in der Checkpoint
Signalisierung fungieren. Unter Bedingungen, wo Pch2 nicht zu den Chromosomen
rekrutiert werden kann, zeige ich, dass Pch2 die Einbindung von Hop1 in die
Chromosomen-basierende Kontrollpunkt Signalisierung unterstitzt. Andererseits,
unter Bedingungen wo Pch2 zu den Chromosomen rekrutiert werden kann, verstarkt
es die Kontrollpunkt Stillegung durch das Entfernen von Hop1 von den Chromosomen.
Pch2 kann trotz unreparierter DSBs die Kontrollpunkt Inaktivierung ausfiihren. Obwohl
mehrere Faktoren die chromosomale Rekrutierung von Pch2 kontrollieren, erlautere
ich, dass unter unbeeinflussten, bzw. regularen Bedingungen die Polymerisation des
SC, das wechselnde Verhalten von Pch2 bei dem Checkpoint befiehlt. (Auslost)
Insgesamt wird in dieser Studie gezeigt, dass Pch2 und Hop1 ein dynamisches AAA+
HORMA Modul bilden, dass die meiotische Kontrollpunkt Funktion auf eine Art
reguliert, die mit der Uberwachung der Chromosomen Teilung wahrend der Mitose und
Meiose durch das AAA+ HORMA Modul, bestehend aus Pch2/ TRIP13 und Mad2 ist,

vergleichbar ist.

Non-Chromosomal

........ S . Meiotic prophase
=yToYnapss checkpoint

— > Hop!1

Chromosomal
Pch2
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Abbildung 7.1: Grafische Zusammenfassung

Diese Doktorarbeit enthillt und erklart die duale Rolle von Pch2 in der meiotischen
Kontrollpunkt-Funktion. Nicht-chromosomales Pch2 fungiert als Agonist, indem es die
Inkorporation von Hop1 in die meiotische Kontrollpunkt Signalisierung vermittelt. Bei
der Synapse wird Pch2 zu den Chromosomen rekrutiert, wo es als Antagonist der
meiotischen Kontrollpunkt Signalisierung wirkt da es chromosomales Hop1 von der
Signalisierungskaskade entfernt. In Abhangigkeit von den zellularen Umstanden, kann
die Aktivitat von Pch2 auf Hop1 dementsprechend gegensatzliche Auswirkungen
haben. Abbildung modifiziert nach Raina und Vader, 2020.

106



Appendices

Chapter 8
Appendices

A.
ndt80A
Input Anti-HA IP
Msh4-HA + + + +
Flag-Pch2 + + + 4+
Flag-Pch2 + + + +
E399Q
- - eapeands . "= | Lower exposure
a-Flag
= WP | Higher exposure
[ »e Lower exposure
a-HA
— — Higher exposure
—— - a-Pgk1

Figure 8.1: Msh4 interacts with both wild type Pch2 and substrate trapping
mutant of Pch2 (Pch2-E399Q).

A. Co-immunoprecipitation (co-IP) of wild type Flag-Pch2 and Flag-Pch2-E399Q with
Msh4-HA (via a-HA-IP) during the meiotic prophase (4 h into meiotic program) in
strains deleted for NDT80. Strains used are yGV2889, yGV2919, yGV2991 and
yGV3192.
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A.
dmci1A; dmc1A; dmc1A; ctf19A; dmcilA; rad51;
rad51A ctf19A ctf19A rad51A rad51 ctf19A
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Figure 8.2: The premature silencing of checkpoint in dmc14 rad514 is dependent

on Ctf19

A. Western blot analysis to compare expression profile of Cdc5, Hop1 and pH3-T11
in dmc1A4 rad514 (yGV1401), ctf194 (yGV3049), dmc14 ctf194 (yGV1912), ctf194
rad514 (yGV4798) and dmc14 rad514 ctf194 (yGV4791). Pgk1 is used as a loading
control. B. Comparison of the number of cells entering meiosis | by tracing the
spindle morphology at indicated time points of strains used in (A). A minimum of 200
cells were analyzed for each data point. (A) and (B) are from the same time-course

experiment.
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yGV48

yGV468

yGV1171

yGV1269

yGV1401

yGV1409

yGV1912

yGV2302

yGV2447

Appendices

Table 8.1: Yeast strains used in this study.

All strains are of the SK1 background.

Genotype
MATa/MATa, ho::LYS2, lys2, leu2::hisG, arg4, his4X::LEU2-URAS3/
his4B::LEU2, ura3, dmc1A::ARG4

MATa/MATea,, ho::LYS2, lys2, leu2::hisG, ura3(Asma-pst::hisG), TRP1,
HIS4::LEU2-(NBam)/ his4X::LEU2-(NBam)-URA3, ndt80A::LEU2

MATa/MATa, ho::LYS2, lys2, leu2::hisG, his4X::LEU2-URAS,
his3::hisG, ura3, arg4-nsp/ARG4, dmc1A::ARG4, pch2A::KanMX,
HOP1/ hop1::LEUZ2

MATa/MATea, ho::LYS2, lys2, ura3, leu2::hisG, TRP, his4B::LEU2,
arg4-Bgl Il, dmc1A::ARG4, pch2A::KanMX4

MATa/MATea, ho::LYS2, lys2, ura3, leu2::hisG, TRP1, his4B::LEU2,
arg4-Bgl 11(?), dmc1A::ARG4, rad51::HIS3

MATa/MATea, ho::LYS2, lys2, ura3, leu2::hisG, TRP1/ trp1::hisG, arg4-
Bgl 11(?), his3::hisG(?), his4B::LEU2, pch2A::KanMX4, dmc1A::ARG4,
rad51::HIS3

MATa/MATe, ho::LYS2, lys2, leu2::hisG, his4X::LEU2-URAS, ura3,
dmc1A::ARG4, ctf19A::KanMX4

MATa/MATea, ho::LYS2, lys2, leu2::hisG, ura3(Asma-pst::hisG), ARG4,
TRP1, his4X::LEU2-(NBam)-URAS3, pch2A::KanMX4, ndt80A::.LEU2

MATa/MATea, ho::LYS2, lys2, ura3, leu2::hisG, his3::hisG, trp1::hisG,

ARGH4, his4X::LEU2-URAS3, DMC1/dmc1A::ARG4, trp1::pPch2::TRP1,
pch2A::KanMX, ndt80A::LEUZ2
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yGV2919

yGV2991

yGV3049

yGV3050

yGV3171

yGV3192

yGV4119

yGV4137
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MATa/MATe, ho::LYS2, lys2, leu2::hisG, his4X::LEU2-URAS,
his3::hisG, ura3, trp1:pPCH2-3XFLAG-PCH2::TRP1, pch2A::KanMX,
ARG4, ndt80A:: TRP1

MATa/MATe, ho::LYS2, lys2, ura3, leu2::hisG, ARG4, his4X::LEUZ2-
URAS3, pch2A::KanMX; trp1::pPCH2-FLAG-PCH2E399Q:: TRP1,
ndt80A:: TRP1

MATa/MATe, ho::LYS2, lys2, ura3, leu2::hisG, ARG4, his4X::LEUZ2-
URAS3, pch2A::KanMX; trp1::pPCH2-FLAG-PCH2E399Q:: TRP1,
msh4::MSH4-HA::HIS3, ndt80A::TRP1

MATa/MATa, ho::LYS2, lys2, leu2::hisG, TRP1, his4X::LEU2-URAS,
ura3, arg4, ctf19A::KanMX4

MATa/MATea, ho::LYS2, lys2, ura3, leu2::hisG, his3::hisG, ARG4,
ura3::pGPD1-GAL4(848).ER::URAS3, HIS3MX::pGAL1-3XFLAG-
6xGLYPCH2

MATa/MATea, ho::LYS2, lys2, ura3, leu2::hisG, his3::hisG, ARG4, his4x,
ura3::pGPD1-GAL4(848).ER::URAS3, pch2::HIS3MX::pGAL1-
3XFLAG6xGLY-PCH2, ndt80A:: TRP1

MATa/MATe, ho::LYS2, lys2, ura3, leu2::hisG, ARG4, his4X::LEUZ2-
URAS3, pch2A::KanMX, trp1::pPCH2-FLAG-PCH2::TRP1, msh4::MSH4-
HA::HIS3, ndt80A:: TRP1

MATa/MATe, ho::LYS2/ho::hisG, lys2, leu2::hisG,
URA3/ura3(Asmapst::hisG), his3::hisG, ARG4, TRP1, pch2A::KanMX4,
spo11- Y135F::KanMX4, ndt80A::LEU2

MATa/MATe, ho::hisG/ho::LYS2, lys2, leu2::hisG,
ura3(Asmapst::hisG)/URA3, ARG4, his3::hisG, TRP1, spo11-
Y135F::KanMX4, ndt80A::LEU2
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yGV4461

yGV4463

yGV4470

yGV4504

yGV4505

yGV4525

yGV4526

yGV4527

yGV4528
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MATa/MATe, ho::LYS2, leu2::hisG, ura3, ARG4, TRP1, his4X, HIS3,
zip1::URA3::ZIP1-GFP, HOP1/hop1::URA3, ndt80A::LEU2

MATa/MATe, ho::LYS2, leu2::hisG, ura3, ARG4, TRP1/trp1, his4X,
HIS3, zip1::URAS3::ZIP1-GFP, ndt80A::LEUZ2

MATa/MATa, ho::LYS2, lys2, leu2::hisG, ura3(Asma-pst::hisG),
his3::hisG, trp1::hisG, ARG4, zip1A::NatMX4, ura3::pGPD1-
GAL4(848).ER::URAS3, pch2::HIS3MX::pGAL1-3XFLAG-6xGLY-PCH?2,
ndt80A::.LEU2

MATa/MATea, ho::LYS2, leu2::hisG, ura3, ARG4, TRP1/trp1, his4X,
HIS3, zip1::URAS3::ZIP1-GFP, pch2A::KanMX4, ndt80A::LEU2

MATa/MATe, ho::LYS2, leu2::hisG, ura3, ARG4, TRP1/trp1, his4X,
HIS3, zip1::URAS3::ZIP1-GFP, pch2A::KanMX4, hop1::URA3/HOP1,
ndt80A::LEU2

MATa/MATe, ho::LYS2, leu2::hisG, ura3, ARG4, TRP1/trp1, his4X(?),
HIS3(?), ndt80A::LEU2/NDT80, zip1::URA3::ZIP1-GFP,
pch2A::KanMX4, HOP1/hop1::URA3

MATa/MATe, ho::LYS2, leu2::hisG, ura3, ARG4, TRP1/trp1, his4X(?),
HIS3(?), ndt80A::LEU2/NDT80, zip1::URA3::ZIP1-GFP,
HOP1/hop1::URA3

MATa/MATe, ho::LYS2, leu2::hisG, ura3, ARG4, TRP1/trp1, his4X(?),
HIS3(?), NDT80/ndt80A::LEU2, zip1::URA3::ZIP1-GFP

MATa/MATe, ho::LYS2, leu2::hisG, ura3, ARG4, TRP1/trp1, his4X(?),

HIS3(?), NDT80/ndt80A::LEUZ2, zip1::URA3::ZIP1-GFP,
pch2A::KanMX4
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yGV4546

yGV4577

yGV4579

yGV4580

yGV4581

yGV4598

yGV4599

yGV4600
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MATa/MATea,, ho::LYS2, lys2, ura3, leu2::hisG, his3::hisG, ARG4,
ura3::.pGPD1-GAL4(848).ER::URA3, HISSMX::pGAL1-3xFLAG-
6xGLYPCH?2, ZIP1::URA3::ZIP1::GFP, ndt80A::TRP1

MATa/MATea, ho::LYS2, lys2, leu2::hisG, TRP1, HIS4/his4B::LEU?2,
ura3, ARG4/arg4-Bgl,hop1::LEU2/HOP1,dmc1A::ARG4

MATa/MATea, ho::LYS2, lys2, leu2::hisG, ura3(Asma-pst::hisG), TRP1,
his4X::LEU2-(NBam)-URA3 yGV4578 MATa/MATa, ho::LYS2, lys2,
leu2::hisG, ura3(Asma-pst::hisG), TRP1, his4X::LEU2-(NBam)-URAS3,
zip1A::NatMX4

MATa/MATea, ho::LYS2, lys2, leu2::hisG, ura3(Asma-pst::hisG), TRP1,
his4X::LEU2-(NBam)-URAS3, zip1A::NatMX4, hop1::URA3/HOP1

MATa/MATea, ho::LYS2, lys2, leu2::hisG, ura3(Asma-pst::hisG), TRP1,
his4X::LEU2-(NBam)-URAS3, zip1A::NatMX4, pch2A::KanMX4,
hop1::URA3/HOP1

MATa/MATa, ho::LYS2, lys2, leu2::hisG, ura3(Asma-pst::hisG),
trp1::hisG /TRP1, his4X::LEU2-(NBam)-URAS3, zip1A::NatMX4,
pch2A::KanMX4

MATa/MATe, ho::LYS2, lys2, ura3, leu2::hisG, TRP1, ARG4,
his4B::LEUZ2- (NBam)-URAS, rad51::HIS3, zip1A::NatMX4,
hop1::URA3/HOP1

MATa/MATa, ho::LYS2, lys2, ura3, leu2::hisG, TRP1, ARG4,
his4B::LEU2(NBam)-URAS3/his4B::LEUZ2, rad51::HIS3, zip1A::NatMX4,
pch2A::KanMX4

MATa/MATe, ho::LYS2, lys2, ura3, leu2::hisG, TRP1, ARG4,

his4B::LEU2(NBam)-URA3/his4B::LEU2, rad51::HIS3, zip1A::NatMX4,
pch2A::KanMX4, HOP1/hop1::URA3
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yGV4603

yGV4608

yGV4609

yGV4637

yGV4713

yGV4715

yGV4737

yGV4752

yGV4774
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MATa/MATea, ho::LYS2, lys2, ura3, leu2::hisG, TRP1, ARG4,
his4B::LEU2/his4B::LEU2-(NBam)-URA3, rad51::HIS3, zip1A::NatMX4

MATa/MATe, ho::LYS2, leu2::hisG, ura3, ARG4, TRP1, his4X, HIS3,
zip1::URA3::ZIP1-GFP/zip1A::NatMX4, pch2A::KanMX4, ndt80A::LEUZ2

MATa/MATe, ho::LYS2, leu2::hisG, ura3, ARG4, TRP1, his4X, HIS3,
zip1::URA3::ZIP1-GFP /zip1A::NatMX4, ndt80A::LEU2

MATa/MATa, ho::LYS2, lys2, leu2::hisG, ura3(Asma-pst::hisG),
his3::hisG, trp1::hisG, ARG4, zip1A::NatMX4, ura3::pGPD1-
GAL4(848).ER::URAS3, pch2::HIS3MX::pGAL1-3XFLAG-6xGLY-PCH?2,
hop1::LEU2/HOP1, ndt80A:.LEU2

MATa/MATea, ho::LYS2, lys2, TRP1/trp1::hisG, his3::hisG, leu2::hisG,
ura3, his4B::LEU2, ARG4, dmc1A::ARG4, rad51::HIS3,
HOP1/hop1::LEU2

MATa/MATea, ho::LYS2, lys2, trp1::hisG, his3::hisG, leu2::hisG, ura3,
his4B::LEU2, ARG4, pch2A::KanMX4, dmc1A::ARG4, rad51::HIS3,
hop1::LEU2/HOP1

MATa/MATea, ho::LYS2, lys2, ura3, leu2::hisG, TRP1, ARG4,
his4B::LEU2- (NBam)-URAS3, rad51::HIS3, zip1A::NatMX4,
dmc1A::ARG4 yGV4744 MATa/MATa, ho::LYS2, lys2, ura3, leuZ2::hisG,
his3::hisG, trp1::hisG sae2A::LEU2

MATa/MATea, ho::LYS2, lys2, ura3, leu2::hisG, his3::hisG, trp1::hisG
sae2: A:LEUZ2, hop1 A::LEU2/HOP1

MATa/MATea, ho::LYS2, lys2, ura3, leu2::hisG, trp1, his4B::LEU2/HISA4,

ARGH4, his3::hisG(?), dmc1A::ARG4, rad51::HIS3, ura3::.pGPD1-
GAL4(848).ER::URA3, pch2::HISSMX::pGAL1-3XFLAG-6xGLY-PCH2
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yGV4776

yGV4791

yGV4796

yGV4798

yGV4800

yGV4801

yGV4811

yGV4835
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MATa/MATa, ho::LYS2, lys2, ura3, leu2::hisG, trp1, ARG4,
his3::hisG(?), his4B::LEUZ2, dmc1A::ARG4, rad51::HIS3/RAD51,
ura3::.pGPD1- GAL4(848).ER::URAS3, pch2::HIS3MX::pGAL1-3XFLAG-
6xGLY-PCH2

MATa/MATa, ho::LYS2, lys2, leu2::hisG, ura3, TRP1, his3::hisG,
dmc1A::ARG4, ctf19A::KanMX4, rad51A::HIS3

MATa/MATe, ho::LYS2, lys2, ura3, leu2::hisG, TRP1, ARG4,
his4B::LEU2/his4B::LEU2-(NBam)-URAS3, rad54::URA3, dmc1A::ARG4,
ZIP1/ zip1A::NatMX4

MATa/MATe, ho::LYS2, lys2, leu2::hisG, ura3, TRP1, ARG4,
his3::hisG, ctf19A::KanMX4, rad51A::HIS3

MATa/MATea, ho::LYS2, lys2, ura3, leu2::hisG, his3::hisG, trp1::hisG
sae2 A:LEUZ2, pch2A::KanMX4, hop1A::LEU2/HOP1

MATa/MATa, ho::LYS2, lys2, ura3, leu2::hisG, his3::hisG, trp1::hisG
sae2A::LEU2, pch2A::KanMX4

MATa/MATa, ho::LYS2, lys2, ura3, leu2::hisG, his3::hisG, ARG4,
ura3::.pGPD1-GAL4(848).ER::URA3, HISSMX::pGAL1-3xFLAG-
6xGLYPCH?2, ZIP1::URA3::ZIP1::GFP, ndt80A:: TRP1,
hop1A::URA3/HOP1

MATa/MATa, ho::LYS2, lys2, leu2::hisG, ura3(Asma-pst::hisG),
his3::hisG, trp1::hisG, ARG4, zip1A::NatMX4, dmc1A::ARG4,
rad51::HIS3, ura3::pGPD1-GAL4(848).ER::URAS,
pch2::HIS3MX::pGAL1-3xFLAG6xGLY-PCH2
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