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ABSTRACT OF THE DISSERTATION

Molecular Mechanisms of Meiotic Chromosome Assembly, Architecture, and
Interhomolog Recombination

by

Sarah Nicole Ur

Doctor of Philosophy in Biomedical Sciences

University of California San Diego, 2021

Professor Kevin Corbett, Chair

Meiosis, a hallmark of sexual reproduction, entails the division of one diploid parent cell
into four haploid gamete daughter cells. To support proper chromosome segregation in two
successive meiotic divisions, meiotic chromosomes must undergo dramatic structural changes
in meiotic prophase to identify and pair with their corresponding homolog. This chromosomal
structural rearrangement is accomplished through meiotic recombination, a process that inflicts
double strand break damage on the chromosomes and necessitates their repair using their ho-

mologous sequence, in some cases forming an inter-homolog crossover. This work begins by

Xii



reviewing meiotic chromosome structure, and how it supports meiotic recombination. In order
to understand the structural context of meiotic recombination | begin by reviewing higher-order
data on how entire chromosomes are packaged and ordered during meiosis then zoom into well-
known structures such as the chromosome axis, the synaptonemal complex, and their individual
protein components. The chapters on my experimental work begin by examining a Chromatin
Binding Region (CBR) in the yeast meiotic HORMAD Hop1, a component of the chromosome
axis. | demonstrate how the CBR is responsible for a secondary mode of chromosome axis
deposition through its capability to bind directly nucleosomes. This secondary mechanism func-
tions alongside a previously defined cohesin dependent chromosome axis assembly mecha-
nism, and | hypothesize that this second mode of axis assembly enables crossover formation
in an as-yet unknown manner. | next examine the Msh4-Msh5 complex in an attempt to define
its role in shuttling double strand DNA breaks towards a crossover fate. Through careful bio-
chemistry, | demonstrate that the preferred DNA substrate of the S. cerevisiae Msh4-Msh5 is a
Holliday junction, and | identify the critical regions in both Msh4 and Msh5 for this activity. My last
study aims to examine meiotic recombination from a larger perspective. In order to determine
how individual proteins interplay on the chromatin throughout the process of meiotic prophase
l, | developed a mass spectroscopy protocol to assay a meiotic time-course of S. cerevisiae
chromosomes. With this protocol | created a spatial and temporal atlas of chromatin associated
proteins, which details how proteins assemble and disassemble throughout meiotic prophase
l. As a whole this thesis provides an extensive review of the field of meiotic chromosome ar-
chitecture, defines molecular mechanisms of individual protein assembly during meiosis, and

demonstrates the proteomic context for interhomolog recombination.
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Chapter 1

Introduction

1.1 Architecture and Dynamics of Meiotic Chromosomes

In sexually reproducing eukaryotes, two parents contribute equally to the genetic mate-
rial of their offspring. To achieve this remarkable feat, parental cells must undergo a reduction
in ploidy, or chromosome number, from two copies of each chromosome per cell (diploid) to one
copy (haploid), generating specialized germ cells called gametes (in humans, sperm and egg
cells). The fusion of haploid gametes from two parents reconstitutes the diploid state, complet-
ing sexual reproduction and creating offspring with an unique complement of genetic material.
In order to create haploid gametes from a diploid cell, a parental cell first replicates its genome,
then undergoes two consecutive cell divisions. In the first of these divisions, called meiosis |,
each pair of homologous chromosomes must identify one another and physically associate via
meiotic homologous recombination, enabling their segregation from one another in the meiosis
| division to reduce ploidy. Errors in meiotic recombination can result in improper segregation

of chromosomes and lead to aneuploidy, an incorrect number of chromosomes in the haploid



gamete and the resulting fertilized embryo (Hassold and Hunt, 2001)(Hassold et al., 2007). In
humans, aneuploidy is a major cause of miscarriage and the source of developmental disorders
like Turner Syndrome and Down Syndrome. To achieve accurate identification and recombina-
tion of homologous chromosomes, meiotic chromosomes must take on a specific architecture
which is made possible by protein scaffolding. This scaffolding both organizes chromosomes as
linear arrays of loops, and coordinates the recruitment of factors which eventually form a chias-
mata between the two homologs, allowing them to be segregated. This scaffolding, or structure
of meiotic chromosomes has been imaged in studies since the 1950’s (Moses, 1956) and our
understanding of how meiotic DNA is organized and what proteins are orchestrating meiotic
recombination has grown exponentially in the last seven decades. We now know the key com-
ponents of this scaffolding, which is divided into two major components termed the chromosome
axis and the synaptonemal complex. Chapter 2 of this thesis is a review and compilation of the

current knowledge in the field of meiotic chromosome structure.

1.2 A Dual Mechanism for Meiotic Chromosome Axis Assembly

During meiotic prophase, homologous chromosomes must physically associate through
homologous recombination in order to be properly segregated into daughter cells. Among the
proteins that facilitate the homolog pairing process, the meiotic HORMAD proteins are a highly
conserved component of the chromosome axis. The S. cerevisiae meiotic HORMAD, Hop1
localizes to chromosomes in early meiosis and is one of the master regulators of meiotic re-
combination. Hop1 is a key part of the meiotic chromosome axis, which acts to organize chro-
mosomes into linear loop arrays, recruit double strand break machinery, and promote use of

the homolog as a repair template, as opposed to the sister chromosome. Pairing of homologs



requires the proper function of Hop1 to create double strand DNA breaks (DSBs) and inter-
homolog crossovers. By investigating Hop1 from a structural and biochemical standpoint, we
can advance our knowledge on how it acts as a master regulator of meiosis, and broaden our
understanding of a process key to sexual reproduction, In Chapter 3, | report my work on a
previously-unidentified chromatin binding region (CBR) in the central region of Hop1. | investi-
gate the structure of this domain, how it mediates recognition of nucleosomal DNA, and its roles

in chromosome architecture, DSB formation, and the formation of inter-homolog crossovers.

1.3 Biochemical Characterization of S. cerevisiae Msh4:Msh5

The highly-conserved Msh4-Msh5 complex plays a critical role in meiotic recombina-
tion and the segregation of homologous chromosomes during gamete/spore formation. Proper
homolog segregation requires formation of inter-homolog crossovers, and the formation of
crossovers is strongly reduced in mutants of Msh4 and Msh5 (Krishnaprasad et al., 2015).
The current model for the Msh4-Msh5 complex’s function is that it binds and stabilizes an early
recombination intermediate, perhaps the D-loop product of initial strand invasion or alternatively
a Holliday junction, and promotes the assembly of crossover-specific machinery. This machin-
ery constitutes a “recombination nodule,” a large assembly whose architecture is not known,
but which is visible by low-resolution electron microscopy on meiotic chromosomes. From a
biochemical standpoint, there remains much unknown in regards to the Msh4-Msh5 complex’s
binding mechanism to recombination intermediates and its roles in meiotic crossover formation.
Chapter 4 features my work to reconstitute the S. cerevisiae Msh4-Msh5 complex, characterize
its binding to artificial DNA structures mimicking recombination intermediates, and determine

the structure of the complex bound to a favored intermediate. By researching the Msh4-Msh5



complex and its downstream partners, we will be able to make a leap in understanding the

physical basis of crossover formation.

1.4 Creation of a Time Resolved Network of Meiotic Chromosome

Associated Proteins

In order to accomplish the diploid-to-haploid transition, homologous chromosomes iden-
tify one another and physically associate through DNA recombination, before segregating from
one another in the first meiotic division. Meiotic recombination initiates with programmed dou-
ble strand DNA breaks (DSBs) on each chromosome, some of which are eventually resolved
as inter-homolog crossovers. Many protein complexes are involved in meiotic chromosome or-
ganization and recombination, and their spatial and temporal interplay is critical to the proper
segregation of chromosomes in Meiosis |. The proteinaceous chromosome axis and synaptone-
mal complex organize chromosomes and control their recombination, while other recombination
complexes shepherd a subset of DSBs to the crossover fate. Previous studies have globally
interrogated the timing of meiotic protein expression (Cheng et al., 2018) and indeed, many
individual meiotic complexes have been studied in detail. However, a comprehensive view of
meiotic proteins’ chromosome localization and interactions has not been performed. In Chap-
ter 5, | present a protocol to assess the localization of proteins to chromosomes throughout a
synchronous S. cerevisae meiosis using a chromatin enriched purification process coupled with
high-resolution tandem mass spectroscopy. | demonstrate the ability of this assay to identify
proteins from critical meiotic complexes such as the chromosome axis, synaptonemal complex,

ZMM family, recombination complexes, and proteins responsible for resolving key crossover in-



termediates. By disrupting individual proteins from these stratified groups, | elucidate how mei-
otic complexes work together to manipulate meiotic chromosomes and promote homolog pairing
and segregation during Meiosis I. With this tool | have created a temporal atlas for meiotic pro-
teins, and defined how protein complexes assemble and disassemble from chromosomes to

coordinate meiotic recombination.

1.5 Outline of the dissertation

| will begin this thesis with a review of the state of the field in meiotic chromosome struc-
ture and dynamics (Chapter 2). This review sets the baseline for my other chapters, detailing
the background of the structural components that organize chromosomes during meiosis. It
details current knowledge of the dynamics of how those structural components assemble, inter-
act with each other, and aid in the recruitment of various meiotic factors ultimately leading to
the faithful segregation of homologous chromosomes in Meiosis |. Next, | will detail work that
elucidated a novel mechanism for chromosome axis deposition on meiotic chromatin. Through
careful structural studies | discovered how the chromatin binding region of the meiotic protein
Hop1 orchestrates axis deposition by binding directly to nucleosomes (Chapter 3). Third, | elab-
orate on my attempts to examine the role of the signaling complex Msh4-Msh5 on the fate of
chromosome crossovers (Chapter 4). Lastly, | describe a protocol | developed to create a spa-
tial and temporal atlas of the protein present on meiotic chromatin (Chapter 5). This technology
can be used to assay dependencies and the interconnectivity of all the key players in meiosis.
Each section contains a structure within itself of an introduction, specific subject matter, and

conclusion.



Chapter 2

Architecture and Dynamics of Meiotic

Chromosomes

The specialized two-stage meiotic cell division program halves a cell’'s chromosome com-
plement in preparation for sexual reproduction. This reduction in ploidy requires that in meiotic
prophase, each pair of homologous chromosomes identify one another and form physical links
through DNA recombination. Here, we review recent advances in understanding the complex
morphological changes that chromosomes undergo during meiotic prophase, to promote ho-
molog identification and crossing over. We focus on the SMC-family cohesin complexes and the
meiotic chromosome axis, which together organize chromosomes and promote recombination.
We then discuss the architecture and dynamics of the conserved synaptonemal complex, which
assembles between homologous chromosomes and mediates local and global feedback to en-
sure high fidelity in meiotic recombination. Finally, we discuss exciting new advances including

mechanisms for boosting recombination on particular chromosomes or chromosomal domains,



and the implications of a new “liquid crystal” model for synaptonemal complex assembly and

structure.

2.1 Introduction

Sexual reproduction in eukaryotes depends on meiosis to divide a cell’'s genome in half
during production of germ cells or gametes, enabling the fusion of two gametes to reconstitute
a full genome in the next generation. The reduction of chromosome number from diploid (two
copies of each chromosome) to haploid (one copy) in meiosis is enabled by the identification,
physical linkage, and separation of each pair of homologous chromosomes (homologs) through
DNA recombination. In addition to physically linking homologs, meiotic recombination also shuf-
fles gene combinations along each chromosome, driving genetic variation and evolution. Be-
cause meiotic recombination is critically important for accurate chromosome segregation in the
meiotic divisions, errors in meiotic recombination can lead to aneuploidy, or an improper num-
ber of chromosomes in the resulting gamete (Hassold et al., 2007; Hassold and Hunt, 2001).
In humans, aneuploidy is a major source of miscarriage and is the cause of developmental dis-
orders like Down Syndrome and Turner Syndrome. To accommodate the specific identification
and physical linkage of homologs through meiotic recombination, eukaryotes have evolved an
extended meiotic prophase whose stages are named after the distinctive morphology of chro-
mosomes at each stage (Figure 2.1a). Chromosomes are replicated prior to meiosis, resulting
in a pair of sister chromosomes held together by ring-like cohesin complexes. In the first stage of
meiotic prophase, termed leptotene (from the Greek for “thin threads”), chromosomes become
organized as a linear array of DNA loops around a meiosis-specific structure called the chromo-

some axis (van Heemst and Heyting, 2000; Zickler and Kleckner, 1999). Next, the chromosome



axis recruits and controls proteins responsible for formation of programmed DNA double-strand
breaks (DSBs) along each chromosome, and the repair of a subset of DSBs as inter-homolog
crossovers (Carballo et al., 2008; Hollingsworth, 2010; Humphryes and Hochwagen, 2014; Kim
et al., 2010; Lao et al., 2013; Lao and Hunter, 2010; Subramanian and Hochwagen, 2014;
Zickler and Kleckner, 2015). In zygotene (“paired threads”), homologs physically associate at
recombination sites and nucleate the synaptonemal complex, a proteinaceous assembly that
juxtaposes homologs and promotes later steps of recombination. During leptotene and zy-
gotene, many organisms’ chromosomes undergo large-scale motions powered by the linkage of
their telomeres through the nuclear envelope to molecular motors, which are thought to promote
high-fidelity homolog recognition by disrupting weak or low-homology interactions (Chikashige
et al., 2006; Ding et al., 2007; Horn et al., 2013; Morimoto et al., 2012; Sato et al., 2009). In
pachytene (“thick threads”), the synaptonemal complex has fully assembled along paired ho-
mologs, and chromosomes have become thicker and shorter due to compaction of the chromo-
some axes coupled with extension of the associated chromatin loops (Page and Hawley, 2004;
Rockmill et al., 1995; Sym et al., 1993). Finally, in diplotene (“two threads”), the synaptonemal
complex disassembles after inter-homolog recombination has completed. Cells then enter di-
akinesis (“movement apart”), a stage roughly equivalent to mitotic prometaphase in which the
chromosomes become individualized and compacted in preparation for chromosome segrega-
tion. After meiotic prophase, cells undergo two successive rounds of chromosome segregation,
termed meiosis | and Il (Figure 2.1 b-c). In metaphase of meiosis |, the kinetochores of each
pair of linked homologs become attached to spindle microtubules in a bipolar manner, enabled
by their physical linkage through crossovers and by the co-orientation or physical fusion of sister

chromosomes’ kinetochores (Nasmyth, 2015; Sarangapani et al., 2014). Once homologs are



properly aligned and attached to microtubules, chromosome segregation is initiated by cleav-
age of cohesin complexes along chromosome arms, releasing the physical links between ho-
mologs (Nasmyth, 2001). Critically, cohesin complexes are retained near each chromosome’s
centromere to maintain the physical association of sister chromosomes, which then align and
segregate in the meiosis Il division (Clift and Marston, 2011; Marston and Amon, 2004). The
tightly-controlled series of chromosome morphological changes through meiotic prophase is
absolutely crucial for the success of meiotic recombination and chromosome segregation. In
this review, we focus on the molecular basis for meiotic chromosome architecture and dynam-
ics, and on how the chromosome axis and synaptonemal complex serve as signaling hubs to
control recombination and meiotic progression. Recent work has highlighted surprising con-
servation in the molecular underpinning of meiotic chromosome architecture and recombination
control across diverse organisms, and we focus primarily on these broadly conserved principles.
Where appropriate, we discuss unique features of meiotic chromosome architecture in specific
model organisms, especially when these features reveal distinct and informative solutions to the

problems of homolog pairing, recombination, and segregation in meiosis.

2.2 Meiotic Chromatin

Throughout the cell cycle, the genome is spatially organized to support important bi-
ological functions, including gene expression in interphase, chromosome segregation in the
mitotic and meiotic divisions, and interhomolog recombination in meiotic prophase. At the low-
est level, chromosomal DNA is packaged into nucleosomes comprising about 150 base pairs
of DNA wrapped around an octamer of histone proteins (two copies each of histones H2A,

H2B, H3, and H4) (Luger et al., 1997). Histones’ N-terminal tails are substrates for extensive



post-translational modifications that serve as signals for chromatin remodelers, transcription
machinery, and other regulatory apparatus (Rando, 2012; Strahl and Allis, 2000). Distinct pat-
terns of these epigenetic marks divide the genome into two major chromatin types, euchromatin
and heterochromatin. Euchromatin is gene-rich, transcriptionally active, and early-replicating,
while heterochromatin is relatively gene-poor, transcriptionally inactive, and late-replicating. His-
torically, euchromatin and heterochromatin have been distinguished as so-called R bands and
G-bands in stained mitotic metaphase chromosomes (Craig and Bickmore, 1993; Furey and
Haussler, 2003; Lander et al., 2001). In more recent chromosome conformation capture (Hi-
C) experiments, which use high-throughput sequencing to capture the spatial organization of
chromosomes, euchromatin and heterochromatin are observed to self-associate into spatially
distinct “compartments” (Falk et al., 2019; Lieberman-Aiden et al., 2009; Simonis et al., 2006). In
meiotic prophase, cells must balance continuing transcriptional activity with the need to linearly
organize and compact the genome to support the recombination-mediated homology search
and inter-homolog crossover formation. Meiotic chromosomes retain most properties of inter-
phase chromatin, including epigenetic marks on histone tails and the physical segregation of
euchromatin and heterochromatin, even as the genome becomes organized as a linear array
of loops around the chromosome axis (see Section 2.4) (Patel et al., 2019). Within this loop
array, a hierarchical set of chromosome structural features determine the locations of DSBs.
DSBs typically occur at so-called “hot spots along each chromosome, whose locations are de-
termined by euchromatin/heterochromatin state, nucleosome occupancy, and a specific histone
modification, trimethylation of histone H3 lysine 4 (H3K4me3) (Borde et al., 2009; Jin, 2021;
Lichten and de Massy, 2011; Pan and Keeney, 2007). In budding yeast, H3K4me3 marks are

enriched in promoter regions, which also tend to be nucleosome-free and hence accessible to

10



the Spo11 DNA break machinery (Lange et al., 2016; Pan et al., 2011). In most mammals, DSB
hotspot locations are determined by H3K4me3 modifications introduced by PRDM9 (PR domain
zinc finger protein 9), a DNA-binding histone methyltransferase (Baudat et al., 2010; Myers et
al., 2010; Parvanov et al., 2010). In both cases, these H3K4me3 marks are recognized by
chromatin reader proteins (Spp1 in S. cerevisiae, ZCWPW1 (Zinc finger CW-type and PWWP
domain containing 1) in mammals) that promote DSB formation and control recruitment of DNA
repair machinery to broken DNA ends (see Section 2.4) (Acquaviva et al., 2013; Huang et al.,

2020; Mahgoub et al., 2020; Sommermeyer et al., 2013; Wells et al., 2020).

2.3 SMC complexes: The engines of chromosome organization

Beyond the nucleosome level, chromosomes are actively organized throughout the cell
cycle by multi-protein complexes of the Structural Maintenance of Chromosomes (SMC) fam-
ily (reviewed in (Yatskevich et al., 2019)). Eukaryotes possess three such complexes, termed
cohesin, condensin, and the Smc5/6 complex. While Smc5/6 plays specialized and still poorly-
understood roles in DNA repair (Aragon, 2018; Yu, 2021), the biological roles and molecular
mechanisms of cohesin and condensin have become increasingly well understood in recent
years. In interphase cells, cohesin complexes act as dynamic loop extruders, binding DNA and
using the energy of ATP hydrolysis to create and processively expand a chromatin loop (Figure
2-6a) (Davidson et al., 2019; Kim et al., 2019; Yatskevich et al., 2019). The collective action of
many such complexes gives rise to topologically associating domains (TADs), megabase-sized
regions of each chromosome that tend to interact with themselves more than with surrounding
sequences (Dixon et al., 2012; Rao et al., 2014). TAD boundaries are often marked by binding

sites for the insulator protein CTCF, which captures cohesin through a direct protein-protein in-

11



teraction to halt loop extrusion and stabilize the loop/TAD boundary (Li et al., 2020). The role of
TADs in regulating gene expression remains controversial: while TAD boundaries generally in-
sulate genes from enhancers located across TAD boundaries, elimination of TADs by disrupting
cohesin or CTCF function does not have a strong effect on overall gene expression patterns,
at least in cultured cells (Nora et al., 2017; Rao et al., 2017b). Cohesin and condensin com-
plexes play important and complementary roles in cell division. As cellular DNA is replicated
prior to mitosis, a sub-population of cohesin complexes encircles both sister chromosomes to
hold them together; this cohesin population is termed “cohesive” and is marked by acetylation
of the Smc3 subunit, stabilizing its DNA binding (Beckouet et al., 2010; Borges et al., 2010;
Ivanov et al., 2002; Skibbens et al., 1999; Toth et al., 1999). As cells approach mitosis, most
cohesin is lost from chromosomes, and is replaced by condensin complexes. Similar to cohesin,
condensin complexes possess processive loop-extrusion activity (Ganiji et al., 2018; Terakawa
et al., 2017), which in both the mitotic and meiotic cell divisions organizes chromosomes into
a roughly linear array of nested chromatin loops (Gibcus et al., 2018; Kong et al., 2020; Nau-
mova et al., 2013). This organization results in dramatic compaction and individualization of
chromosomes, enabling chromosomes to properly attach to microtubules of the spindle. Chro-
mosome segregation is triggered by separase-mediated cleavage of the kleisin subunit in the
remaining chromosome-bound cohesin complexes, unlinking homologs (in meiosis 1) or sisters
(in meiosis Il and mitosis) and allowing them to segregate to opposite spindle poles (Nasmyth,
2001). The need for alignment, physical engagement, and recombination of homologous chro-
mosomes in meiotic prophase presents a significant organizational challenge. Cells meet this
challenge by organizing meiotic prophase chromosomes as linear loop arrays, within which chro-

mosomes retain most epigenetic marks and remain transcriptionally active throughout much of
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meiotic prophase (Prakash et al., 2015; Zickler and Kleckner, 1999). The organization and
compaction of meiotic chromosomes is achieved by modulation of cohesin complex function
by the cohesin-associated chromosome axis (see Section 2.4), and by replacement of specific
cohesin subunits with meiosis-specific variants. The active, loop-extruding cohesin complex in
interphase cells comprises five subunits: two SMC-family ATPases (Smc1 and Smc3), a kleisin
subunit (Scc1), and two HAWK (HEAT repeat proteins Associated With Kleisins) proteins, Scc2
and Scc3 (Figure 2-6b-c; See Figure 2.7 for cohesin proteins in major model organisms). Scc2
(NIPBL in mammals) is canonically a subunit of the Scc2:Scc4 “cohesin loader” complex, but in
vitro biochemical experiments have shown that it is required for cohesin-mediated loop extrusion
(Davidson et al., 2019; Kim et al., 2019). In meiosis, cohesin must accomplish two specialized
tasks: first, to organize chromosomes as linear loop arrays with the meiotic chromosome axis;
and second, to mediate proper bipolar orientation and segregation of homologs in meiosis |,
and of sister chromosomes in meiosis Il. The second task is accomplished by replacement of
the cohesin kleisin subunit with a meiosis-specific variant, Rec8. In contrast to the mitotic kleisin
Scc1/RAD21, a population of Rec8-containing cohesin near each chromosomes’ centromere is
protected through meiosis | by centromere-associated Shugoshin proteins, which recruit protein
phosphatase 2A (PP2A) to dephosphorylate centromere-proximal Rec8 and stabilize it against
separase-mediated cleavage (Ishiguro et al., 2010). Shugoshin and PP2A are lost from cen-
tromeres as cells enter meiosis Il, enabling phosphorylation and separase-mediated cleavage
of centromeric Rec8, and concomitant segregation of sister chromatids. The two-stage removal
of cohesin in meiosis is absolutely critical for ploidy reduction in meiosis, and is highly conserved
even in organisms that lack defined centromeres such as C. elegans (see Section2.6) (Ferrandiz

et al., 2018). While the importance of Rec8 in the stepwise removal of cohesin complexes from
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chromosomes in meiosis | and Il is well established, the other critical function of cohesin com-
plexes in meiosis is to associate with the chromosome axis, and extrude and constrain chromatin
loops to organize meiotic chromosomes. While fungi possess only a single meiosis-specific co-
hesin complex, metazoans have evolved distinct complexes dedicated to cohesin’s two major
meiotic roles. In C. elegans, REC-8 containing cohesin complexes mediate sister chromosome
cohesion during the meiotic divisions, while cohesin complexes containing the paralogous kleisin
subunits COH-3/COH-4 mediate axis assembly and chromatin looping (Pasierbek et al., 2001;
Severson et al., 2009; Woglar et al., 2020). D. melanogaster also has two distinct meiotic
cohesin complexes, with sister chromosome cohesion mediated by a complex containing the
meiosis-specific kleisin and HAWK proteins SOLO and SUNN, plus a putative meiosis-specific
homolog of SMC ATPases (ORD) (Gyuricza et al., 2016; Krishnan et al., 2014; Webber et al.,
2004; Yan and McKee, 2013). Meanwhile, axis assembly and chromatin looping is mediated by
a distinct complex containing the kleisin protein C(2)M plus the Scc2 homolog Nipped-B (Man-
heim and McKim, 2003), which as noted above is crucial for cohesin’s loop extrusion activity
(Davidson et al., 2019; Kim et al., 2019). Finally, mammals also encode two meiosis-specific
kleisin proteins, REC8 and RAD21L (Gutierrez-Caballero et al., 2011; Herran et al., 2011; Lee
and Hirano, 2011). REC8 is solely required for maintaining sister chromosome cohesion into the
meiotic divisions, consistent with its role in other organisms. Meanwhile, RAD21L is resident on
chromosomes only from pre-meiotic S phase until mid-pachytene (Gutierrez-Caballero et al.,
2011; Herran et al., 2011; Lee and Hirano, 2011) and deletion of RAD21L plus the meiosis-
specific SMC1 protein (Novak et al., 2008; Revenkova et al., 2001; Revenkova et al., 2004)
almost completely disrupts axis assembly (Biswas et al., 2016). These data support the idea

that throughout metazoans, distinct cohesin complexes defined by different kleisin subunits me-
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diate sister chromosome cohesion vs. axis assembly/chromatin looping. Mammals also encode
a meiosis-specific HAWK subunit (SA3), which is required for proper meiotic chromosome ar-
chitecture but whose specific roles are less well understood (Prieto et al., 2001; Winters et al.,

2014).

2.4 The Chromosome Axis

The meiotic chromosome axis is a highly conserved proteinaceous scaffold that orga-
nizes meiotic chromosomes into a linear array of loops (van Heemst and Heyting, 2000; Zickler
and Kleckner, 1999) and serves as the master regulator of meiotic recombination, controlling the
formation of DSBs and their repair as inter-homolog crossovers. The axis includes three major
sets of proteins: (1) DNA-binding and -looping cohesin complexes; (2) filamentous “axis core”
proteins that likely capture cohesins and control assembly of the chromatin loop array; and (3)
meiotic HORMAD proteins, which bind the axis core proteins and directly control DSB formation
and downstream steps of recombination (See Figure 2.7 for chromosome axis proteins in major
model organisms). Recent biochemical, genetic, and bioinformatics work on all three of these
protein groups has led to an increasingly clear understanding of chromosome axis assembly,

architecture, and function.

2.4.1. Axis core proteins

The foundation of the chromosome axis is made up of the axis core proteins (Moses,
1956), which are highly conserved across eukaryotes and include S. cerevisiae Red1
(Hollingsworth and Johnson, 1993; Rockmill and Roeder, 1990; Woltering et al., 2000), S.

pombe Rec10/Rec27 (Lorenz et al., 2004; Tromer et al., 2021), mammalian SYCP2/SYCP3
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(Yang et al., 2006; Yuan et al., 2002; Yuan et al., 2000), and plant ASY3/ASY4 (Chambon et
al., 2018; Ferdous et al., 2012). Despite very low sequence identity between different organ-
isms, these proteins share a common domain architecture with an N terminal globular domain,
a central disordered region, and a short C-terminal coiled-coil domain (Figure 2-2a). The N-
terminal domain, whose role remains mostly uncharacterized, comprises an Armadillo repeat
(ARM) domain followed by a Pleckstrin Homology (PH) domain (Figure 2-2b) (Feng et al., 2017;
Tromer et al., 2021). Immediately following the ARM/PH domain, axis core proteins possess
a “closure motif” responsible for recruitment of meiotic HORMAD proteins to the chromosome
axis (West et al., 2019; Woltering et al., 2000). Following an extended central disordered region,
the C-terminal coiled-coil domain mediates large-scale self-assembly of the axis core proteins.
In S. cerevisiae, the single axis core protein Red1 assembles into a coiled-coil homotetramer,
and these homotetramers further associate in an end-to-end fashion to generate long filaments
(West et al., 2019). Mammalian SYCP2 and plant ASY3 each assemble into 2:2 heterotetramers
with short coiled-coil binding partners (SYCP3 and ASY4, respectively), which also associate
end-to-end to form filaments (Figure 2-2c-f) (West et al., 2019; Yang et al., 2006). Recent bioin-
formatics analysis has revealed that the short coiled-coil axis proteins, including mammalian
SYCP3, plant ASY4, and S. pombe Rec27, arose from multiple independent gene duplications
of full-length axis core proteins through evolution (Tromer et al., 2021). While axis core proteins
are broadly conserved across eukaryotes, these proteins have been lost from several eukaryotic
lineages (Tromer et al., 2021). Axis core proteins are notably absent from C. elegans and D.
melanogaster, both of which are prominent model organisms for the study of meiosis. In these
organisms and potentially other lineages that have lost axis core proteins, the synaptonemal

complex assembles independently of DSB formation and appears to shoulder the burden of
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organizing chromosomes as compacted linear loop arrays (see Section 2.6).

2.4.2. Meiotic HORMADs

The meiotic HORMAD (HORMA Domain) proteins are named for their conserved N-
terminal HORMA domain, which is shared by several families of signaling proteins in prokary-
otes and eukaryotes (Figure 2-3a) (Aravind and Koonin, 1998; Rosenberg and Corbett, 2015;
Tromer et al., 2019). The HORMA domain features a stable folded core and a flexible C-terminal
region termed the “safety belt” (Figure 2-3b). HORMA domains bind 7-10 amino acid regions
termed “closure motifs” in their protein binding partners. Closure motifs bind the folded core of
the HORMA domain and are then enclosed by the safety belt to generate a highly stable com-
plex. The topologically-closed nature of HORMA-closure motif complexes — with the HORMA
domain wrapped entirely around the bound closure motif — lends both high stability and tight
control, with disassembly of these complexes requiring energy input in the form of active un-
folding by a regulatory ATPase, Pch2/TRIP13 (Figure 2-3d). Meiotic HORMAD-binding closure
motifs are found in two sets of proteins: the axis core proteins, and in the meiotic HORMADs
themselves. Emerging evidence in multiple organisms including fungi and plants suggests that
the HORMADSs’ own C-terminal closure motifs bind their N-terminal HORMA domains in solution
to form an auto-inhibited conformation (West et al., 2018). Active disassembly by Pch2/TRIP13
converts the “closed” auto-inhibited HORMADSs to an “open” form competent to bind closure mo-
tifs in the axis core proteins, and thereby localize to the chromosome axis (Figure 2-3e) (Yang
et al., 2020). Late in meiotic prophase, Pch2/TRIP13 again acts to disassemble HORMA-axis
core protein complexes, in order to remove HORMADs from the axis to down-regulate recom-

bination (see Section 2.5). All meiotic HORMADs possess an N-terminal HORMA domain and
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a C-terminal closure motif. HORMAD proteins from S. cerevisiae (Hop1), S. pombe (Hop1),
and plants (ASY1/PAIR2), also possess a conserved central region with less well-characterized
roles. In S. cerevisiae, this region encodes a PHD finger domain and a winged helix-turn-helix
(WHD) domain, which tightly associate with one another (Figure 2-3c). The PHD/WHD module
specifically binds nucleosomes through a composite interface that recognizes the highly-bent
nucleosomal DNA (Ur et al., 2021). This domain mediates cohesin-independent localization
of Hop1 and Red1 to specific chromosome regions characterized by high nucleosome density,
particularly the three smallest chromosomes (Ur et al., 2021). By boosting the level of chromo-
some axis proteins on these chromosomes, the Hop1 PHD/WHD may aid crossover formation
on these chromosomes, whose small size otherwise puts them in danger of failing to receive
enough DSBs to form crossovers (Ur et al., 2021). The conservation of this domain in fungi and
plants suggests that these organisms may require a secondary means for axis protein localiza-

tion to boost DSB formation and recombination levels on certain chromosome regions.

2.4.3 Chromosome axis assembly

The meiotic chromosome axis serves three major roles in meiotic prophase: (1) organi-
zation and compaction of each chromosome as a linear array of chromatin loops; (2) recruitment
and control of DNA breakage and recombination machinery; and (3) integration into the synap-
tonemal complex as this structure’s “lateral elements” (see Section 2.5). The first of these tasks
is accomplished through the cooperative assembly of loop-extruding cohesin complexes with
filamentous axis core proteins (Figure 2-4a). While the molecular basis of cohesin-axis core
protein interactions are not yet understood, S. cerevisiae Red1 has been reported to physically

associate with the meiotic cohesin complex (Sun et al., 2015), and high-resolution microscopy
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in many organisms reveals that cohesin is closely associated with the axis core (Cahoon et al.,
2017; Kéhler et al., 2017; Xu et al., 2019). In S. cerevisiae, high-throughput methods including
ChIP-Seq and Hi-C have revealed the organization of meiotic chromosomes at high resolution.
In pachytene, cohesin complexes constrain chromatin loops averaging 26 kb in length, whose
bases tend to be located at the ends of transcribing genes, particularly between convergent
genes (Panizza et al., 2011; Schalbetter et al., 2019). These data suggest that transcribing RNA
polymerase enzymes “push” axis-associated cohesin complexes along chromatin, resulting in a
reproducible pattern of chromatin loops and axis attachment sites in this organism (Figure 2.6d-
e). Compared to S. cerevisiae, mammalian cohesin complexes and chromosome axis proteins
are distributed more evenly along chromosomes, and recent Hi-C analysis in M. musculus has
revealed an overall lack of reproducible chromatin loop locations in meiotic prophase (Figure
2.6d-e) (Vara et al., 2019). This apparent inconsistency with S. cerevisiae may be partly a result
of lower resolution in Hi-C analysis in M. musculus, but the much longer chromatin loops in this
organism, ranging from 0.8-1 Mb in zygotene up to 1.5-2 Mb in pachytene, also likely result in
less reproducible loop locations (Patel et al., 2019). Given earlier observations of an inverse
relationship between loop lengths and overall chromosome axis lengths in certain cohesin mu-
tants (Novak et al., 2008; Revenkova et al., 2004; Yuan et al., 2002), the observation that loop
lengths in M. musculus extend by about two-fold between zygotene and pachytene suggests
that cohesin complexes continue to extrude loops even after incorporation into the chromosome
axis. More recent analysis of this same Hi-C data has shown that loop lengths also vary with
chromatin state in M. musculus, with loops in euchromatic regions 2-3 fold shorter than those in
heterochromatic regions (Jin, 2021). This difference may partially explain the relatively higher

density of meiotic DNA breaks and crossovers that occur in euchromatin versus heterochro-
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matin (Jin, 2021; Patel et al., 2019). Despite the dramatic differences in loop lengths between
S. cerevisiae and M. musculus, the number of chromatin loops per unit length of chromosome
axis is largely conserved, with 8.5 loops per um of axis in S. cerevisiae compared to 10 loops
per um in M. musculus (Patel et al., 2019; Schalbetter et al., 2019). This finding is consis-
tent with earlier observations that diverse organisms show a consistent number of chromatin
loops per unit length of chromosome axis (Zickler and Kleckner, 1999) and point to a conserved
underlying architecture of cohesin complexes and axis core proteins in these organisms. Local-
ization of meiotic HORMADs to the chromosome axis is achieved in several ways. First, axis
core proteins possess highly-conserved closure motifs that are critical for HORMADs’ chromo-
some localization in many species (West et al., 2019; Woltering et al., 2000). As noted above,
in many organisms Pch2/TRIP13 is important to disassemble an auto-inhibited conformation
of these proteins, opening their HORMA domains to enable their axis localization (West et al.,
2019; Woltering et al., 2000). The axis core proteins are likely not the only axis components
with closure motifs, however: C. elegans, for example, lacks axis core proteins and its HORMAD
protein HTP-3 appears to associate directly with meiotic cohesin complexes (Kim et al., 2014;
Kbéhler et al., 2017). In mammals, HORMAD?2 is likely recruited to the axis through an interaction
with a closure motif on SYCP2 (West et al., 2019), but chromosome localization of HORMAD1
does not depend on SYCP2 and this protein instead associates directly with cohesin complexes
(Fujiwara et al., 2020). Finally, meiotic HORMADs that contain the central PHD/WHD module
can associate directly with nucleosomal DNA, providing a secondary pathway for axis-chromatin

interactions at vulnerable regions (Ur et al., 2021).
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2.4.4. Control of DSB formation and recombination by the axis

Once associated with the chromosome axis, meiotic HORMADs serve as the master
regulators of meiotic recombination. HORMADs interact directly with a conserved three-protein
complex termed RMM (Rec114, Mei4, Mer2) that binds meiotic chromosomes early in meiotic
prophase and is required for Spo11 recruitment and DSB formation (Kumar et al., 2018; Li et
al., 2006). Both S. cerevisiae Hop1 and mammalian HORMAD1 have been reported to interact
directly with the RMM complex subunit Mer2/IHO1 (Kariyazono et al., 2019; Rousova, 2020;
Stanzione et al., 2016). S. cerevisiae Mer2 also binds the chromatin reader protein Spp1, which
in turn is thought to recognize the H3K4me3 marks on hotspot DNA in a chromatin loop and re-
cruit it to the axis for cleavage (Acquaviva et al., 2013; Sommermeyer et al., 2013). Mer2 forms
phase-separated condensates on DNA with its RMM complex partners Rec114 and Mei4, and
these condensates also recruit the Spo11 core complex (Claeys Bouuaert, 2021; Tsai et al.,
2020). Thus, the RMM complex serves as an organizational hub for DSB formation, assem-
bling on the chromosome axis and bringing Spp1-associated hotspot DNA to the Spo11 core
complex for cleavage (Figure 2-4b). The recruitment and assembly of multiple Spo11 com-
plexes on the surface of an RMM complex condensate may explain the recent observation of
Spo11 “double cuts” — closely-spaced DSBs in a single hotspot occurring with rough 10.5-bp
periodicity (Johnson, 2019) (Franz Klein, personal communication). In mammals, the RMM
complex subunit Rec114 also interacts with ANKRD31, which recruits the RMM complex to spe-
cific chromosome regions including the pseudo-autosomal region (PAR) and the X chromosome
(Acquaviva et al., 2020; Boekhout et al., 2019; Papanikos et al., 2019). ANKRD31 thus likely
represents a mechanism to boost DSB and crossover levels on chromosome regions particularly

prone to recombination failure, similar to the Hop1 PHD/WHD module-mediated enrichment of
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axis proteins on small chromosomes in S. cerevisiae (Ur et al., 2021). After assembly of RMM
condensates on the chromosome axis and formation of DSBs by Spo11, the DNA damage re-
sponse kinases ATR (Mec1 in S. cerevisiae) and ATM (Tel1 in S. cerevisiae) are recruited to
these sites. In S. cerevisiae, Tel1/ATM suppresses the formation of DSBs within 70-100 kb (3-4
chromatin loops) of an existing DSB, in a process termed “DSB interference” (Carballo et al.,
2013; Garcia et al., 2015; Zhang et al., 2011). Similar roles for Tel1/ATM have been identified in
S. pombe (Fowler et al., 2018), D. melanogaster (Joyce et al., 2011), and M. musculus (Dereli
et al., 2021; Lange et al., 2011), revealing that this kinase plays a conserved role in moderat-
ing the levels of DNA breaks along meiotic chromosomes (Cooper et al., 2014; Lukaszewicz
et al.,, 2018). In S. cerevisiae, Mec1 and Tel1 also cooperate to phosphorylate the meiotic
HORMAD protein Hop1 in its SQ/TQ Cluster Domain (SCD), located between its N-terminal
HORMA domain and central PHD/WHD module (Carballo et al., 2008; Penedos et al., 2015).
Phosphorylation of the Hop1 SCD, and in particular the conserved Thr318 residue, mediates
recruitment and activation of another kinase, Mek1. Mek1 binds and stabilizes phosphorylated
Hop1 Thr318 (Chuang et al., 2012; Xie et al., 2018) and locally inhibits recombination, thereby
suppressing sister chromosome-templated repair to favor homolog invasion (Callender et al.,
2016; Niu et al., 2007; Niu et al., 2009; Subramanian et al., 2016; Suhandynata et al., 2014).
Hop1 phosphorylation and Mek1 activation are also required to enforce a checkpoint that delays
meiotic progression in response to defective recombination and/or assembly of the synaptone-
mal complex (e.g. in rad50S, dmc1A or zip1A strains) (Carballo et al., 2008; Subramanian and
Hochwagen, 2014). This checkpoint is mediated by Mek1-dependent suppression of Ndt80, a
key transcription factor required for progression past pachytene in S. cerevisiae meiotic cells

(Prugar et al., 2017; Tung et al., 2000). Thus, chromosome axis-associated meiotic HORMAD
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proteins play a central role in coordinating meiotic recombination, recruiting DSB factors and

controlling several overlapping signaling pathways controlling the fate of meiotic DSBs.

2.5 The Synaptonemal Complex

The synaptonemal complex (SC) was first observed over 60 years ago in electron mi-
crographs of crayfish spermatocytes (Moses, 1956), yet this distinctive and highly conserved
assembly has resisted detailed structural and functional analysis for decades. In recent years,
light and electron microscopy of the intact SC has synergized with in vitro reconstitution and
structural analysis of defined subcomplexes to yield an increasingly detailed picture of SC ar-
chitecture and dynamics. Alongside these advances, the molecular mechanisms underlying the
SC’s important roles in meiotic recombination and checkpoint signaling are steadily becoming

more clear.

2.5.1. Architecture of the Synaptonemal Complex

Electron micrographs of meiotic cells from diverse eukaryotes reveal the SC as a multi-
layered sandwich structure, bounded on either side by the chromosome axes of paired homologs
(Carpenter, 1975; Moses, 1956). The edges of the SC are defined by the lateral elements (LEs),
which are derived from the chromosome axes of the paired homologs and are spaced 100 nm
apart in most organisms. Between the LEs lie two layers of transverse filaments (TFs), which
are linked at the midline of the SC by the electron-dense central element (CE). The TFs and
CE are sometimes collectively termed the “central region” of the SC, as distinguished from the
chromosome axis-derived LEs. After nucleating at initial homolog engagement sites, the SC

progressively extends along the entire length of each homolog pair to bring homologs into close
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juxtaposition. The SC is required for the final stages of meiotic recombination and crossover for-
mation, and also serves as a key signaling hub for multiple quality-control pathways in meiotic
prophase.

2.5.1.1. Lateral elements

As noted above, the SC lateral elements are derived from the chromosome axes of each
homolog pair. The organization of this structure, with filamentous axis core proteins capturing
DNA-binding and -looping cohesin complexes, appears largely maintained as it becomes inte-
grated into the SC. The most significant structural change to the axis upon SC assembly is the
loss of most HORMAD proteins in a feedback pathway governing recombination levels, triggered
by the recruitment of the Pch2/TRIP13 ATPase to the assembled SC (see Section 2.5.3).

2.5.1.2. Transverse filaments

The most distinctive feature of the SC is the TFs, which comprise long ( 800-1000 amino
acid) proteins made up almost entirely of predicted coiled-coil domains (Figure 2-5a). Alpha-
helical coiled coils are remarkably rigid structural elements in proteins, and the coiled-coil re-
gions of TF proteins form a regular, three-dimensional network that spans the 50 nm gap from
LE to CE. Interestingly, the coiled coil regions of most species’ TF proteins are long enough to
span nearly the entire 100 nm gap between LEs, yet each individual TF protein spans only half
that distance, from one LE to the CE (Figure 2-5d-e). TF proteins from diverse organisms also
adopt a common orientation within the SC, with their N-termini positioned at the SC midline with
CE proteins, and their C-termini embedded in the LEs (Cahoon et al., 2017; Capilla-Perez et al.,
2021; Dobson et al., 1994; Dong and Roeder, 2000; Hurlock et al., 2020; Liu et al., 1996; Page
and Hawley, 2001; Schild-Prufert et al., 2011; Schmekel et al., 1996). In recent years, careful

dissection and in vitro structural analysis of TF proteins, principally the mammalian TF protein
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SYCP1, has yielded important information on their assembly mechanisms (Figure 2-5a-c). This
protein’s extreme N- and C-terminal domains are predicted to be intrinsically disordered, and
likely interact with CE proteins and LE proteins in an as-yet undefined manner. The central
coiled-coil region of SYCP1 is separated into four segments, beginning with a short segment
that forms a parallel coiled-coil dimer and may form interdigitated interactions within the CE
(Figure 2-5b,e). Following this is a segment that forms a parallel coiled-coil tetramer, then an
extended segment of parallel coiled coil dimer. These two regions define the minimal SYCP1
oligomer as a homotetramer that splays open into a pair of dimeric coiled coils at its C-terminus
(Fig. 2-5e) (Dunce et al., 2018). Finally, the C-terminal segment of the SYCP1 coiled-coil can
form a parallel coiled-coil dimer or an antiparallel tetramer, suggesting that this segment could
mediate interactions between neighboring SYCP1 tetramers to assemble the regular networks
of TFs characteristic of the SC (Fig. 2-5c,e) (Dunce et al., 2018). While TF proteins in other
organisms share little detectable sequence homology with SYCP1, their assembly mechanisms
are likely to be broadly conserved. For example, S. cerevisiae Zip1 possesses disordered N-
and C-terminal domains, and forms both dimers and tetramers in solution (Dunce et al., 2018).
In C. elegans, mutation of the extreme N-terminus of the TF proteins SYP-1 results in failure
of the SC to build a two-fold symmetric structure, consistent with the idea that TF proteins self-
interact within the CE to bridge homologs and mediate pairing (Gordon et al., 2021).

2.5.1.3. The central element

The central element (CE) is an electron-dense structure positioned at the midline of
the SC that is thought to help link the two layers of TF proteins extending inward from the
LEs (Dunce et al., 2018). Like TF proteins, CE proteins from different organisms share no

obvious sequence homology, making it difficult to comprehensively identify these proteins by
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sequence and leaving unanswered the question of whether CE architecture is conserved across
species. Like TF proteins, most CE proteins are predicted to assemble into multimeric -helical
coiled coil structures. In S. cerevisiae, the CE comprises a complex of two proteins, Ecm11
and Gmc2, which associate with one another and stabilize assembly of the TF protein Zip1 on
chromosomes (Humphryes et al., 2013). The mammalian CE is more complex, and includes at
least five proteins (Figure2-7). Three of these proteins (SYCE1, SYCES3, and SIX60S1) form a
subcomplex of defined stoichiometry (Dunne and Davies, 2019a, b; Lu et al., 2014; Sanchez-
Saez et al., 2020) and are required for initial nucleation of the SC (Bolcun-Filas et al., 2009;
Dunce et al., 2018; Dunne and Davies, 2019b; Gomez et al., 2016; Schramm et al., 2011).
The remaining two proteins (SYCE2 and TEX12) are not required for SC nucleation but are
needed for full-length assembly of the SC along paired homologs (Bolcun-Filas et al., 2007;
Davies et al., 2012; Hamer et al., 2006; Hamer et al., 2008). In keeping with this role, SYCE2
and TEX12 form a hetero-octameric complex that undergoes large-scale self-assembly in vitro
into filament-like structures (Davies et al., 2012). While these findings represent significant
progress in understanding the architecture and assembly dynamics of the SC, we still lack a
comprehensive picture of how the central element assembles and interacts with TF proteins.
In addition to dedicated CE proteins, the small ubiquitin-like modifier protein SUMO plays a
key role in SC assembly, especially in the budding yeast S. cerevisiae. SUMO and ubiquitin
are important regulators of meiotic prophase in many organisms, acting in a feedback pathway
driven by meiosis-specific SUMO and ubiquitin E3 ligases (Ahuja et al., 2017; Nguyen et al.,
2018; Pyatnitskaya et al., 2019; Rao et al., 2017a; Watts and Hoffmann, 2011; Zhang et al.,
2018a). SUMO appears to also play a structural role in SC assembly in S. cerevisiae. One

of the most highly SUMOylated proteins in S. cerevisiae meiosis is the CE protein Ecm11,
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which is modified with polymeric SUMO chains (Bhagwat et al., 2021). SUMO chains (both free
and Ecm11-conjugated) are required for the proper assembly and stability of Zip1-containing
TFs, and Zip1 in turn promotes and stabilizes Ecm11 poly-SUMOylation (Voelkel-Meiman et al.,
2013). The chromosome axis core protein Red1 is also highly SUMOylated in meiotic prophase
(Eichinger and Jentsch, 2010), as is Zip1 itself (Bhagwat et al., 2021). While the architectural
roles of SUMO and SUMO chains in the S. cerevisiae SC are not yet well-understood, they
likely include stabilization of protein-protein interactions (through SUMO-interacting motifs or
SIMs) (Eichinger and Jentsch, 2010), alteration of protein conformational states, and positive
or negative effects on protein stability. The complex combination of signaling and architectural
roles for SUMO, and for ubiquitin, in meiotic prophase represent an important area for future

study.

2.5.2 The SC as a dynamic three-dimensional structure

Our structural understanding of the SC first developed from electron microscopy imag-
ing of this structure from a variety of organisms beginning in the 1950s (reviewed in (Zickler
and Kleckner, 1999)). While these studies revealed the canonical SC architecture, the use of
fixed samples precluded detailed analysis of SC dynamics, and the preparation and staining
methods for electron microscopy also limited the resolution of the resulting images. More re-
cently, a combination of live-cell microscopy, super-resolution light microscopy of fixed samples,
and cryo-electron tomography has dramatically improved our understanding of SC architecture
and importantly, dynamics. The most stable part of the SC is the LEs, which are derived from
the chromosome axes of paired homologs. As described above, these structures are likely as-

sembled from the cooperative action of DNA-organizing cohesin complexes bound to filaments
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of axis core proteins. Super-resolution microscopy analysis of the chromosome axis/LE in the
M. musculus SC has revealed a 30-50 nm wide core made up of the C-terminal coiled-coil
domains of SYCP2 and SYCP3 (Xu et al., 2019). The SYCP2 N-terminus, which contains its
ARM/PH domain and its HORMAD-binding closure motif, extends away from this core. Both
HORMADSs and cohesin complexes also localize around the axis core, consistent with a model
in which cohesin complexes interact with the N-terminal region of axis core proteins (Xu et al.,
2019). LEs in C. elegans show similar dimensions, with HORMAD proteins colocalizing with
cohesin complexes in two 30 nm wide LEs that are separated by 100 nm across the SC
(Koéhler et al., 2017). C. elegans lacks axis core proteins, and in this organism the LE does
not form a cohesive structure until the SC assembles (see Section 2.6). Along the C. elegans
LE, REC-8 containing cohesin complexes (which mediate sister cohesion) and COH-3/COH-4
cohesin complexes (which mediate axis assembly and likely extrude/constrain chromatin loops)
are interspersed in a regular pattern alongside defined assemblies of HORMADs (Woglar et al.,
2020). Finally, while the LE in most organisms appears as a single core that presumably binds
and organizes a pair of sister chromosomes, in D. melanogaster the LE (defined by the meiotic
cohesin subunit C(2)M) appears as a pair of cores separated by 50 nm, with one core presum-
ably organizing each sister chromosome (Cahoon et al., 2017). In other organisms a single LE
is sometimes observed to split into two “sub-LEs” (del Mazo and Gil-Alberdi, 1986; Zwettler et
al., 2020), which may represent the subsets of axis proteins and cohesin complexes organizing
the two sisters. Splitting of the LE into separate sub-LEs may contribute to the suppression of
sister chromosome-mediated recombination at DSB sites, by physically separating these two
strands from one another. Between the paired axes/LEs assemble two arrays of TF proteins,

oriented with their C-termini embedded in the LEs and their N-termini associated with the CE at
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the SC midline. Super-resolution light microscopy and high-resolution cryo-electron microscopy
has revealed that TFs and the CE form a loosely defined three-dimensional network (Figure
2-5f) (Cahoon et al., 2017; Spindler et al., 2019; Zwettler et al., 2020), likely scaffolded by self-
association of TF proteins’ N-terminal coiled coil regions, and stabilized by 3D networks of CE
proteins (Dunce et al., 2018). An important recent advance has been the finding that despite
their highly ordered structure, TF proteins are actually highly dynamic within the SC. In S. cere-
visiae, the TF protein Zip1 is continually deposited and exchanged even after the structure is fully
assembled (Voelkel-Meiman et al., 2012). In C. elegans, a series of studies has revealed the
SC to share physical properties with phase-separated macromolecular condensates, resulting
in its description as a “liquid crystal” (Hurlock et al., 2020; Rog and Dernburg, 2015; Rog et al.,
2017; Zhang et al., 2020). Moreover, SCs in multiple organisms can be reversibly disassembled
by aliphatic alcohols that disrupt low-affinity hydrophobic interactions typical of phase-separated
condensates (Voelkel-Meiman et al., 2012). A model of the SC as a liquid-like compartment
whose assembly is templated by the LEs of paired homologous chromosomes is consistent with
the observation that, in many organisms, TF and CE proteins can also form large, highly ordered
aggregates termed “polycomplexes” in cells where SC assembly is compromised (Humphryes
et al., 2013). The structures of polycomplexes are reminiscent of a multilayered SC when exam-
ined by electron microscopy, and can be dissolved by aliphatic alcohols, consistent with a model
in which this structure self-assembles through cooperative, low-affinity hydrophobic interactions
between TF and CE proteins (Rog et al., 2017). A liquid-crystal model of the SC can reconcile
the highly reproducible architecture of this assembly as observed by electron microscopy with
newer observations that its underlying subunits are highly dynamic. A dynamic liquid-crystal SC

could accommodate continual chromosome axis/LE compaction during meiotic prophase driven
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by cohesin-mediated loop extrusion, and explain phenomena like “synaptic adjustment” in which
synapsed chromosomes shift and compact relative to one another during prophase (Henzel et
al., 2011; Zickler and Kleckner, 1999). A model of the SC as a phase-separated condensate
also provides a compelling framework for the SC’s roles in regulating meiotic recombination,
through the specific recruitment or exclusion of particular proteins to recombination sites em-
bedded within the SC “phase”. In support of this model, a family of regulatory SUMO/ubiquitin
E3 ligases (ZHP-1, ZHP-2, ZHP-3, and ZHP-4) can partition into the dynamic SC in C. elegans
(Voelkel-Meiman et al., 2012; Zhang et al., 2018a). In S. cerevisiae, the Hop1 regulator Pch2
localizes to both synapsed chromosomes and polycomplexes, possibly through a similar par-
titioning mechanism (Herruzo et al., 2019; San-Segundo and Roeder, 1999). Regardless of
the terms used to describe the assembly mechanisms and behavior of the SC, it seems clear
that the apparent structural stability of the SC as viewed by light and electron microscopy belies
the highly dynamic nature of this structure. Key areas for future work include dissecting the
interactions between TF proteins and proteins of the LEs and CE, determining the molecular
basis for SC fluidity through cooperative, low-affinity interactions (Hurlock et al., 2020; Zhang
et al., 2020), and determining how SC fluidity changes during meiotic prophase in response
to post-translational modifications and other events (Gao and Colaiacovo, 2018). Whether and
how specific recombination factors and regulators are recruited or excluded from the SC as
meiotic prophase progresses, and whether the liquid-crystal nature of the SC is involved in this

regulation, is another important outstanding question.
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2.5.3. Functional coupling of recombination and synaptonemal complex assem-

bly

In all organisms that assemble the SC in meiotic prophase, this structure nucleates at
defined points along each pair of homologs as they become physically engaged, then extends
along the entire length of the chromosomes. In some organisms, such as C. elegans and
D. melanogaster, SC assembly occurs independently of Spo11-mediated DNA cleavage and
recombination (see Section 2.6). More often, the SC nucleates at developing crossover sites
(Albini and Jones, 1984; Fung et al., 2004; Oliver-Bonet et al., 2007; Zickler et al., 1992). Spo11-
mediated DNA breaks vastly outnumber crossovers, and while most breaks are repaired using
the homologous chromosome as a template, only a minority of sites ultimately become interho-
molog crossovers. In most organisms, crossover sites show “interference” — that is, these sites
are more evenly spaced and further apart along chromosomes than expected by random chance
— suggesting that developing crossovers are able to signal along chromosomes to suppress the
resolution of nearby recombination sites as crossovers. The physical basis of crossover interfer-
ence and its relationship to chromosome architecture is not well understood and is not further
discussed here, but is comprehensively reviewed elsewhere (Otto and Payseur, 2019; Zickler
and Kleckner, 2015, 2016). As meiotic prophase progresses from leptotene to zygotene and
pachytene, recombination sites designated to become crossovers are distinguished by binding
of specific crossover-promoting factors including the Msh4:Msh5 complex (Borner et al., 2004;
Novak et al., 2001) and a complex termed the synapsis initiation complex (SIC) or the ZZS com-
plex (after its S. cerevisiae subunits Zip2, Zip4, and Spo16) (Pyatnitskaya et al., 2019). Msh4
and Msh5 are related to MutS family mismatch repair proteins, and are thought to recognize

and stabilize a key recombination intermediate termed a double Holliday Junction, then recruit
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the Mlh1:MIh3 nuclease to resolve this intermediate into a crossover (Santucci-Darmanin et al.,
2000; Snowden et al., 2004; Snowden et al., 2008). The ZZS subunits Zip2 (SHOC1 in mam-
mals and plants) and Spo16 (SPO16 in mammals, PTD in plants) form a heterodimeric complex
that specifically binds branched DNA structures in vitro (Arora and Corbett, 2019; De Muyt et al.,
2018; Guiraldelli et al., 2018; Macaisne et al., 2011), while Zip4 (TEX11 in mammals, ZIP4 in
plants) likely acts as a protein-protein interaction hub (Adelman and Petrini, 2008; Chelysheva
et al., 2007; Perry et al., 2005; Shen et al., 2012; Tsubouchi et al., 2006). ZZS mutants in S.
cerevisiae, plants, and mice fail to form crossovers, suggesting that one key role for the ZZS
complex is to bind and stabilize a recombination intermediate to promote crossover formation
(Chua and Roeder, 1998; Guiraldelli et al., 2018; Macaisne et al., 2008; Macaisne et al., 2011;
Malavasic and Elder, 1990; Shinohara et al., 2008; Tsubouchi et al., 2006; Wijeratne et al.,
2006; Zhang et al., 2019; Zhang et al., 2018b). A crucial second role for the ZZS complex is
to functionally link crossover formation to SC assembly. In S. cerevisiae, ZZS proteins localize
at the ends of elongating stretches of SC (Tsubouchi et al., 2006). ZZS mutants in both S.
cerevisiae and mice fail to form full-length SC along chromosomes (Chua and Roeder, 1998;
Guiraldelli et al., 2018; Shinohara et al., 2008; Tsubouchi et al., 2006; Zhang et al., 2018b). The
S. cerevisiae ZZS complex interacts with both Msh4:Msh5 and the axis proteins Hop1, Red1,
and Pch2, suggesting that the ZZS complex coordinates crossover formation with axis remodel-
ing to promote SC assembly (De Muyt et al., 2018). In organisms where SC assembly is linked
to crossover formation through the ZZS complex, formation of the SC on a given homolog pair
can be interpreted as a chromosome-autonomous signal for successful crossover formation. As
such, SC assembily is a crossroads for a number of signaling pathways regulating recombination

and meiotic progression. One major pathway links SC assembly to the removal of most meiotic
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HORMADs from the chromosome axis/LE through the recruitment of Pch2/TRIP13 (Borner et
al., 2008; Capilla-Perez et al., 2021; Joshi et al., 2009; Lambing et al., 2015; Roig et al., 2010;
Wojtasz et al., 2009). Removal of meiotic HORMADs from synapsed chromosome regions dra-
matically reduces new DNA breaks in these regions (Woijtasz et al., 2009), and also releases
the HORMAD-dependent barrier to inter-sister recombination, allowing remaining breaks to be
quickly repaired via the sister chromosome (Subramanian et al., 2016). In S. cerevisiae, loss
of Hop1 from chromosome axes also reduces the levels of active Mek1 kinase, eventually re-
lieving the Mek1-dependent block on expression of the key transcription factor Ndt80 (Chen et
al., 2018; Prugar et al., 2017). Ndt80 expression enables cells to progress past pachytene into
diplotene and the meiotic divisions. Finally, just as SC assembly serves as a signal for success-
ful crossover formation, failure to assemble the SC is a strong signal that chromosomes have
failed to identify and recombine with their homolog. Throughout eukaryotes, failure to assem-
ble the SC triggers checkpoint mechanisms that delay meiotic progression and, in some cases,
can trigger apoptosis as a means of culling defective gametes (Subramanian and Hochwagen,
2014). Thus, the SC is a central player in the quality control of meiosis, regulating the levels
of DSB and crossover formation, and serving as a central signaling hub for meiotic progression

and quality control pathways.

2.6 Why are C. elegans and D. melanogaster different?

The nematode Caenorhabditis elegans is a prominent model system for the study of
meiosis because of its powerful genetics and its two large gonads, which provide a map of mei-
otic prophase progression that can be readily visualized by light microscopy in the live organism.

While the broad strokes of C. elegans meiosis parallel other organisms like yeast, plants, and
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mammals, many details are distinct. First, C. elegans lacks meiotic chromosome axis core
proteins, and the best evidence to date suggests that at least one member of the expanded
HORMAD protein family associates directly with meiotic cohesin complexes (Kim et al., 2014;
Kéhler et al., 2017; Severson et al., 2009). The four C. elegans meiotic HORMADs (HIM-3,
HTP-1, HTP-2, and HTP-3) also use head-to-tail HORMA domain-closure motif interactions to
assemble a distinctive hierarchical complex at the chromosome axis (Kim et al., 2014). Next, ho-
molog synapsis occurs prior to meiotic DSB formation, and is mediated by a family of zinc finger
proteins that associate with “pairing centers” near one end of each chromosome (Phillips and
Dernburg, 2006; Phillips et al., 2009; Phillips et al., 2005). Early synapsis may explain the lack
of axis core proteins in C. elegans: the SC itself appears to aid chromosome compaction and
organization into a linear loop array in early prophase. Spo11-mediated DSB formation occurs
in the context of synapsed homologs, and a single DSB on each chromosome is designated
to become the crossover. This “perfect” crossover interference arises because of the relatively
short length of C. elegans chromosomes (15-21 Mb) combined with strong crossover interfer-
ence (Libuda et al., 2013). Formation of a single crossover per chromosome pair is critical, as
C. elegans chromosomes are holocentric: they lack defined centromeres and instead assemble
the spindle microtubule-binding kinetochore machinery along the length of each chromosome
(Maddox et al., 2004). In order to achieve homolog segregation in meiosis | followed by sister
chromosome segregation in meiosis Il, C. elegans first defines “long” and “short” arms on ei-
ther side of the single crossover. The hierarchical meiotic HORMAD complex, along with other
proteins including the Aurora B kinase AIR-2, then directs the differential remodeling of these
two arms, resulting in the assembly of a modified kinetochore-like structure on the long arms,

and phosphorylation of cohesin complexes along the short arms (Martinez-Perez et al., 2008;
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Nabeshima et al., 2005). Thus, the long arms of C. elegans chromosomes become function-
ally equivalent to centromeres in other organisms (Dumont et al., 2010). Separase-mediated
cleavage of cohesin complexes on the short arms in meiosis | enables homolog segregation,
while cohesin complexes on the long arm maintain sister-chromosome cohesion until meiosis
Il. The fruit fly Drosophila melanogaster, in which modern genetics was founded over a century
ago (Morgan, 1911; Muller, 1916; Sturtevant, 1913), also displays significant differences in mei-
otic chromosome architecture and the sequence of meiotic prophase events when compared to
other model organisms. In male Drosophila, chromosomes do not undergo crossing over and
do not assemble the synaptonemal complex; in females, the smallest chromosome (chromo-
some V) also does not form crossovers (reviewed in (Hughes et al., 2018)). Like C. elegans
but distinct from most other organisms, homolog synapsis in Drosophila does not depend on
Spo11-mediated DSB formation (McKim and Hayashi-Hagihara, 1998). Also like C. elegans,
Drosophila lack chromosome axis core proteins and also lack recognizable homologs of mei-
otic HORMADs, indicating a distinctive mechanism for control of meiotic DSB formation (Tromer
et al., 2021). Despite (or perhaps because of) its uniqueness, Drosophila continues to be a
powerful and informative model system for understanding the complexities of meiosis, including
the assembly and architecture of the synaptonemal complex, and the genetics and molecular

mechanisms of meiotic crossover formation.

2.7 Conclusion

Meiotic prophase places unique demands on the eukaryotic genome, which must bal-
ance continued transcriptional activity with the introduction and accurate repair of dozens, some-

times hundreds, of DNA breaks. Successful reproduction depends on at least one of these
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breaks per homolog pair developing into an interhomolog crossover, which will enable accurate
homolog segregation and ploidy reduction in the meiosis | division. To address the unique de-
mands of meiosis, eukaryotes have evolved a specialized DNA repair pathway along with a set
of interlocking signaling pathways ensuring fidelity at every step. Two chromosome-scale pro-
tein assemblies, the chromosome axis and synaptonemal complex, play central roles in meiotic
chromosome organization, recombination, and eventual segregation. The chromosome axis co-
alesces as axis core protein fibers capture loop-extruding cohesin complexes and form bundles,
resulting in a linear array of chromatin loops. Axis-associated HORMAD proteins recruit DSB
factors including the conserved RMM and Spo11 core complexes, then control the repair of the
resulting DNA breaks to promote interhomolog crossover formation. A key recent development
has been the identification of multiple pathways — including the fungal Hop1 PHD/WHD module
and vertebrate ANKRD31- that boost the level of axis proteins, and recombination, on specific
chromosomes or chromosomal regions that would otherwise present a high risk for failure to re-
combine and properly segregate (Boekhout et al., 2019; Papanikos et al., 2019; Ur et al., 2021).
As the synaptonemal complex nucleates at developing crossover sites and extends along each
pair of homologs, further recombination is progressively shut down along synapsed chromo-
somes through chromosome-autonomous and global feedback pathways, many of which are
conserved across eukaryotes. As cells progress through the meiosis | and |l divisions, interho-
molog crossovers and the two-step removal of sister cohesion — enabled by the meiosis-specific
cohesin subunit Rec8 — drive homolog segregation in meiosis | and sister chromosome seg-
regation in meiosis Il, resulting in the formation of haploid gametes. The significant recent
advances in understanding meiotic chromosome architecture and dynamics have nonetheless

left longstanding questions unanswered, while also introducing new questions. Many of these
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questions center on cohesin complexes: for example, we lack a clear understanding of the sub-
unit architecture and division of labor (sister cohesion versus loop extrusion and axis assembly)
of the specialized meiotic cohesin complexes, especially in organisms that express meiosis-
specific variants of kleisin, HAWK, and SMC ATPase subunits. Further, we lack a molecular
understanding of how axis core proteins (or HORMADSs, in some organisms) capture and con-
trol loop-extruding cohesin complexes to form the chromosome axis. Cohesin capture could be
mediated through the axis core proteins’ N-terminal ARM/PH domains, or alternatively could
involve a mechanism similar to cohesin capture by the insulator protein CTCF (Li et al., 2020).
The synaptonemal complex presents further questions. While the overall architecture of the SC,
particularly the oligomeric structure of TF proteins, is becoming better understood, we still lack
an understanding of the protein-protein interactions that hold this structure together. We do not
know how TF protein N-termini interact with proteins of the CE, nor how TF protein C-termini
interact with the chromosome axis/LE. These interactions may be difficult to identify or dissect
using traditional techniques, due to the likelihood that the SC is a liquid-like structure held to-
gether by cooperative, low-affinity interactions typical of macromolecular condensates. At the
same time, recognition of the SC as a liquid-like assembly — specifically, a liquid crystal that
retains a defined architecture while individual subunits remain highly dynamic — is an exciting
conceptual advance. Much more work will be required to understand whether, and how, the
liquid-like nature of the SC mediates specific recruitment or exclusion of recombination or reg-
ulatory factors to promote crossover formation and facilitate the interlocking feedback pathways
governing meiotic progression. It is an exciting time to study chromosome architecture and
dynamics, especially in meiosis. New tools like live-cell and super-resolution light microscopy,

cryo-electron tomography, and high-throughput sequencing methods are already revealing mei-
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otic chromosomes at an unprecedented level of detail. At the same time, our ability to purify
and characterize key protein complexes in vitro is reaching an inflection point where reconsti-
tution of critical reactions like chromosome axis assembly or DSB formation no longer seems
out of reach. Finally, while research in meiosis has traditionally been siloed into the study of
particular model organisms — fungi, plants, insects, nematodes, and mammals — advances in
sequence analysis and other areas are revealing the fundamental conservation of meiotic ma-
chinery, recombination mechanisms, and feedback pathways across all eukaryotes. Within this
shared framework, distinctive features of meiosis in particular systems represent an opportunity
to appreciate how evolution has adapted to the unique challenges posed by each organism’s

genome makeup and reproductive mechanisms.
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Figure 2.1: Major events of meiosis (a) In meiotic prophase, chromosomes undergo a defined
series of morphological changes to generate interhomolog crossovers, In leptotene, chromo-
somes assemble the chromosome axis (yellow) and undergo the formation of DNA double-
strand breaks (DSBs), which initiate homologous recombination. In zygotene, designated
crossover sites initiate assembly of the synaptonemal complex (pink) between paired homologs.
In pachytene, synaptonemal complex assembly is complete, shutting off feedback pathways that
allow progression into diplotene and the meiotic divisions. (b) In meiosis |, sister kinetochores
are fused or co-oriented to enable bi-orientation of homologs on the spindle (black). Cleavage
of cohesin complexes on chromosome arms by separase (yellow) enables homolog segrega-
tion. (c) In meiosis Il, sister kinetochores are bi-oriented on the spindle and segregate when the
remaining centromeric cohesin complexes are cleaved by separase.
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Figure 2.2: Chromosome axis core protein structure and self-assembly (a) Schematic of
domain architecture in S. cerevisiae Red1 (top) and M. musculus SYCP2 and SYCP3 (bot-
tom). Red1 and SYCP2 encode an N-terminal ARM/PH domain (panel b), followed by a clo-
sure motif that binds meiotic HORMADs (West et al., 2019; West et al., 2018; Woltering et
al.,, 2000). These domains are followed by an extended disordered region and a C-terminal
coiled-coil domain. In S. cerevisiae Red1, this domain forms a homotetramer (West et al.,
2019). M. musculus SYCP3 encodes a coiled-coil domain that assembles into homotetramers
and 2:2 heterotetramers with the SYCP2 C-terminal coiled-coil (Syrjanen et al., 2014; West et
al., 2019). (b) Structure of the M. musculus SYCP2 N-terminal ARM/PH domain (PDB ID 5IWZ;
(Feng et al., 2017)). (c) Structure of the H. sapiens SYCP3 coiled-coil homotetramer (PDB 1D
4CPC; (Syrjanen et al., 2014)), colored pink/orange to represent a model for a 2:2 heterote-
tramer of SYCP2 and SYCP3 (West et al., 2019). (d) Model for chromosome axis assembly.
SYCP2:SYCPS3 heterotetramers (and potentially SYCP3 homotetramers) assemble end-to-end
to generate fibers, which self-associate to form bundles that make up the chromosome axis
core. (e) Negative-stain electron microscopy (EM) image of fibers assembled from MBP-tagged
M. musculus SCYP2 coiled-coil domain (SYCP2CC) and untagged SYCP3 coiled-coil domain
(SYCP3CQ). Inset: pairs of globular densities spaced 23 nm apart along the fiber correspond
to the repeating unit of the fiber. Reprinted from (West et al., 2019). (f) Negative-stain EM image
of SYCP2CC:SYCP3CC fiber bundles. Reprinted from (West et al., 2019).
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Figure 2.3: Meiotic HORMAD structure and regulation (a) Schematic of domain architecture
of S. cerevisiae Hop1 (top) and H. sapiens HORMAD1 (bottom). Both proteins encode an N-
terminal HORMA domain (gray/blue) and a C-terminal closure motifs (yellow) (Kim et al., 2014;
West et al., 2018). S. cerevisiae Hop1 T318 forms a docking site for the Mek1 kinase when
phosphorylated (Carballo et al., 2008; Xie et al., 2018). Fungal and plant meiotic HORMADs
encode a central DNA-binding domain comprised of a PHD finger domain (PHD) and diverged
winged-helix turn helix domain (WHD) (Ur et al., 2021). (b) Structure of C. elegans HIM-3 (gray,
with C-terminal safety belt blue) bound to a closure motif from HTP-3 (yellow) (PDB ID 4TZJ;
(Kim et al., 2014)). (c) Structure of the S. cerevisiae Hop1 PHD/WHD module (green) bound
to a nucleosome. The composite DNA-binding interface uses surfaces on both the PHD and
WHD domains, and specifically recognizes strongly bent nucleosomal DNA (Ur et al., 2021). (d)
Conformational dynamics of meiotic HORMADs and regulation by Pch2/TRIP13. The HORMA
domain can adopt two conformations, a high-energy “unbuckled” state (U) with the C-terminal
safety belt disengaged from the HORMA domain core, and a lower-energy “closed” (C) state
with the safety belt bound to a closure motif (yellow). Pch2/TRIP13 partially unfolds the HORMA
domain N-terminus to destabilize the closed state and trigger closure motif dissociation (Ye et
al., 2017; Ye et al., 2015). (e) Model for HORMAD association with the chromosome axis. In
early meiotic prophase (leptotene), soluble meiotic HORMADs in an autoinhibited “self-closed”
state are remodeled by soluble Pch2/TRIP13 to the unbuckled state, enabling their associa-
tion with closure motifs on axis core proteins or axis-associated cohesin complexes (yellow).
In zygotene/pachytene, the assembling synaptonemal complex (pink) recruits Pch2/TRIP13 to
chromosomes, where it remodels HORMA-axis complexes to remove HORMADSs from the axis.
Spontaneous self-closure of removed HORMADs prevents reassociation with the chromosome
axis.
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Figure 2.4: Model for chromosome axis assembly and DSB formation (a) Model for meiotic
chromosome organization through cooperative action of cohesin and axis core proteins. (1) Ac-
tive loop-extruding cohesin complexes (orange) are captured by axis core protein fibers (yellow)
through an unknown mechanism. (2) Loop extrusion by cohesin complexes and bundling of axis
core protein fibers result in the formation and continual compaction of the chromosome axis.
(3) The completed chromosome axis organizes parallel arrays of sister chromosomes (gray and
green-purple). (b) Model for axis-mediated DSB formation in S. cerevisiae. (1) Axis-associated
Hop1 (blue) recruits the RMM proteins Rec114, Mei4, and Mer2 to form a phase separated
condensate (green) on the axis (Claeys Bouuaert, 2021; Rousova, 2020; Tsai et al., 2020). (2)
Spp1 (purple) recognizes epigenetic marks at hotspots and recruits these loci to RMM conden-
sates (Acquaviva et al., 2013; Sommermeyer et al., 2013). (3) RMM condensates further recruit
the Spo11 core complex (yellow) to generate a DSB (Claeys Bouuaert, 2021).
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Figure 2.5: Self-assembly of the synaptonemal complex transverse filaments (a)
Schematic of SC TF proteins from S. cerevisiae (Zip1, top) and H. sapiens (SYCP1, bottom).
Predicted coiled coil regions for both are shown in pink. A fragment of S. cerevisiae Zip1 encom-
passing residues 243-700 (of 875) forms homotetramers in solution (Dong and Roeder, 2000).
The four shaded regions of H. sapiens SYCP1 form coiled-coil oligomers as shown in vitro
(Dunce et al., 2018). (b) Structure of a head-to-head pair of parallel coiled-coil dimers of the H.
sapiens SYCP1 N-terminal coiled coil region (PDB ID 6F62; (Dunce et al., 2018)). (c) Structure
of an antiparallel coil-coil tetramer of the H. sapiens SYCP1 C-terminal coiled coil region (PDB
ID 6F63; (Dunce et al., 2018)). (d) Model for dynamic assembly of the SC, with TF N-termini
embedded in the CE (gray) and C-termini interacting with the LEs (yellow). TF proteins are con-
tinually deposited and exchanged into the SC even after assembly. The proposed “liquid crystal”
nature of the SC may be mediates by cooperative, low-affinity interactions between TF proteins
and with both CE and LE proteins. (e) Closeup schematic of a single H. sapiens SYCP1 TF, with
the protein’s N-terminal coiled-coil region mediating self-interactions at the CE by interdigitation,
the core SYCP1 tetramer assembled through the tetrameric coiled-coil segment, and a pair of
dimeric coiled-coils extending to the LE. The C-terminal region of the SYCP1 coiled-coil may
mediate interactions with other SYCP1 tetramers through the formation of antiparallel coiled-
coil tetramers (Dunce et al., 2018). Not shown are the disordered N- and C-termini of SYCP1
that likely mediate interactions with CE and LE proteins, respectively. (f) Annotated density of a
M. musculus SC from a cryo-electron tomography experiment, with LEs colored magenta, the
CE blue, and the 3D network of TFs yellow. Scale bar = 100 nm. Reprinted from (Spindler et
al., 2019).
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Figure 2.6: Architecture of cohesin complexes (a) Loop extrusion by cohesin (adapted from
(Fudenberg et al., 2016)). (1) A loop-extruding complex (orange) binds chromosomal DNA
(green-gray-purple gradient); (2) Processive motor activity mediates nucleation and expansion
of a chromatin loop; (3) loop extrusion halts when the complex encounters a boundary in the
form of DNA-bound CTCF (blue). (b-c) Schematic of the active loop-extruding form of cohesin
from S. cerevisiae (b) and H. sapiens (c), based on a recent cryo-EM structure of the DNA-bound
H. sapiens cohesin complex (Shi et al., 2020). Meiosis-specific subunits are noted with dashed
outlines (see Table S1 for cohesin subunits in other model organisms). The conserved CTCF
binding site on the HAWK-kleisin complex (Li et al., 2020) is denoted with a dashed outline on
the SA1/2 subunit (green). (d) Top: Schematic of the organization of interphase chromosomes
into TADs (topologically associating domains) by cohesin complexes (orange) and CTCF (red).
Bottom: Schematic of chromatin contact patterns revealed by Hi-C in regions organized into
TADs (Dixon et al., 2012; Rao et al., 2014). High contact levels are indicated by deeper shades
of red. (e) Top: Schematic of the organization of meiotic prophase chromosomes into linear
loop arrays by the chromosome axis (yellow). Bottom: Contact patterns of meiotic prophase
chromosomes revealed by Hi-C in S. cerevisiae (left) and M. musculus (right). In S. cerevisiae,
reproducible cohesin binding sites function as chromatin loop bases, resulting in a semi-regular
pattern of focal interactions (Schalbetter et al., 2019). In M. musculus, loops are longer than
in S. cerevisiae and are largely randomly positioned, resulting in a more diffuse contact pattern
(Patel et al., 2019).
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Table 2.1: Major Meiotic Chromosome Associated Proteins
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Chapter 3

A Dual Mechanism for Meiotic

Chromosome Axis Assembly.

3.1 Introduction

Meiosis, a hallmark of eukaryotic life required for sexual reproduction, is a two-staged
cell division that gives rise to haploid gametes containing half the parental chromosome num-
ber. This ploidy reduction is made possible by homologous recombination in meiotic prophase
[, a process of specific recognition and physical linkage of the homologs that enable their spe-
cific segregation. Meiosis Il then acts to segregate the sister chromosomes for a final haploid
product. After DNA replication, during which sister chromosomes are held together in a pair
via cohesin complexes, meiotic recombination begins as a series of highly coordinated and or-
dered events. The foundation for homologous recombination is created by the deposition of
the chromosome axis, a proteinaceous structure that organizes chromosomes into a linear ar-

ray of loops (van Heemst and Heyting, 2000; Zickler and Kleckner, 1999). The axis consists
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of three components; ring-like cohesin complexes containing a meiosis-specific kleisin subunit
(Rec8 in the budding yeast Saccharomyces cerevisiae), axis core proteins (Red1) and a meiotic
HORMAD protein (Hop1). Rec8-containing cohesin complexes act to extrude chromatin loops,
contributing to the looped axis structure (Davidson et al., 2019)(Fudenberg et al., 2016)(Kim
et al., 2019). Cohesin complexes are likely captured and consolidated by Red1, which assem-
bles into coiled-coil fibers to form a long filamentous structure (West et al., 2019). Red1 also
directly recruits the HORMAD protein Hop1. Axis localized Hop1/HORMADs act as master reg-
ulators of meiotic prophase I, first coordinating formation of double strand DNA breaks (DSBs)
by Spo11 and associated proteins, then directing the repair of DSBs towards a crossover fate
through inter-homolog repair. In late meiotic prophase, HORMADs are largely removed from
the axis upon assembly of the synaptonemal complex, which links the chromosome axes of
paired homologs and aids the resolution of recombination. The remaining axis components be-
come integrated into the synaptonemal complex as this structure’s so-called “lateral elements”.
Because of the importance of inter-homolog crossover formation to successful ploidy reduc-
tion and gamete formation, eukaryotes have evolved a range of mechanisms to ensure that
each homolog pair receives at least one crossover. In S. cerevisiae, these mechanisms include
boosting the levels of initial double-strand breaks on the smallest chromosomes, which other-
wise may not receive a break. The mechanisms underlying this “small chromosome effect” are
mostly unknown, though recent work has shown that chromosome axis and double-strand break
protein levels are boosted on these chromosomes (Murakami et al., 2020). We recently found
that in S. cerevisiae Hop1 mediates localization of the axis protein Red1 to chromosomes when
the cohesin subunit Rec8 is deleted (Heldrich 2020). Hop1-dependent axis localizes to spe-

cific chromosome regions we term “islands” that are defined by high protein-coding density and
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high nucleosome occupancy (Heldrich 2020). These islands are also enriched on the smallest
chromosomes, suggesting that Rec8-independent axis-protein localization may underlie the en-
richment of axis and DSB proteins on these chromosomes (Heldrich 2020). The S. cerevisiae
meiotic HORMAD Hop1 has three well-characterized domains: an N-terminal HORMA domain
(Aravind and Koonin, 1998), an “SQ/TQ cluster domain” (SCD) that is phosphorylated as part of
a DSB-dependent signaling cascade, and a C-terminal “closure motif”. The N-terminal HORMA
domain binds closure motif sequences including in its own C-terminus and in the axis core pro-
tein Red1 (Kim et al., 2014; West et al., 2019; Woltering et al., 2000). In addition to these
well-known domains, S. cerevisiae Hop1 also possesses a conserved central domain that has
been suggested to encode a DNA-binding zinc finger fold, based on the presence of several
conserved cysteine residues (Hollingsworth 1993). Subsequent studies with this isolated do-
main showed weak DNA binding activity . Nonetheless, the structure and biological roles of
this domain remain mostly unknown. Here, we show that the Hop1 central region encodes a
zinc-binding PHD finger domain tightly associated with a variant winged-helix family DNA bind-
ing domain. We find that this two-domain assembly tightly and specifically binds nucleosomes
by recognizing the highly bent DNA at the nucleosome perimeter. Deletion of this “Chromatin
Binding Region” (CBR), or targeted disruption of its nucleosome binding activity, compromises
Rec8-independent axis assembly and results in a complete failure to produce viable gametes.
Strikingly, most HORMAD proteins across eukaryotes encode a Hop1-like CBR or a similar do-
main with distinct architecture, suggesting that direct chromatin binding by meiotic HORMADs
is a near-universal property of meiosis. We propose that HORMAD CBRs play multiple roles in
meiosis, including tuning double-strand break levels across the genome to boost recombination

on vulnerable chromosomes or chromosome regions.
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3.2 Results

Meiotic HORMADs possess a highly variable central domain involved in direct

chromatin binding

Meiotic HORMADs universally encode an N-terminal HORMA domain that binds short
“closure motif” peptides in axis core proteins, and potentially other binding partners, to mediate
their localization to the chromosome axis (West et al., 2018; Woltering et al., 2000). Unique
among HORMA domain proteins, meiotic HORMADs also encode closure motifs at their own
C-termini, which in C. elegans are involved in assembly of a hierarchical HORMAD complex
but more commonly play an auto-inhibitory role to control the timing and extent of axis local-
ization (Kim et al., 2014). In addition to the HORMA domain and closure motif, meiotic HOR-
MADs encode a highly variable central region whose functions are not well-understood. S. cere-
visiae Hop1 has been reported to encode a DNA-binding zinc finger domain within this region
(Hollingsworth and Johnson, 1993), though its roles in chromosome axis assembly and meiotic
recombination have not been investigated. To identify conserved domains in meiotic HOR-
MADs, we used hidden Markov modeling methods. We identified meiotic HORMADs in a set of
110 diverse eukaryotes, then aligned these proteins and generated profile hidden Markov mod-
els (HMMs), then compared these to a database of conserved domains and structures (Figure
3-1a). We could identify meiotic HORMADs in 81 out of 110 genomes, and observed that those
genomes lacking meiotic HORMADs also usually lack homologs of the chromosome axis core
proteins (Red1, SYCP2/SYCPS3) (Tromer et al., 2021). The meiotic HORMADs we could identify
almost always encode both an N-terminal HORMA domain and a C-terminal closure motif, but

show a strikingly variable architecture within their central domain. The most common feature
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is a 60-70 residue domain predicted to adopt a winged helix-turn-helix (wHTH) fold, which is
found in many DNA binding proteins. This domain is found across eukaryotic supergroups, and
appears as either a single domain or a tandem repeat of two such domains (Figure 3-1a-b, Fig-
ure 3-3a). Specifically in Saccharomycetaceae — the fungal group that contains S. cerevisiae
— we detected a conserved C-terminal extension to the wHTH domain, which we term HTH-C)
(Figure 3-1c, Figure 3-3 b). In a large set of meiotic HORMADs from fungi and metazoa, a single
wHTH domain is situated alongside a predicted PHD (Plant HomeoDomain) finger domain. The
PHD domain encodes a set of seven conserved cysteine residues and one conserved histidine,
which together coordinate two structural zinc ions. PHD domains are found in many chromatin
reader proteins and chromatin-remodeling complexes, and typically bind modified or unmodified
lysine residues in histone tails (Sanchez and Zhou, 2011). The PHD domain in meiotic HOR-
MADs possesses a set of conserved hydrophobic and negatively-charged residues surrounding
the putative lysine-binding pocket, supporting a role for these domains in binding histone tails
(Figure 3-2). Curiously, these residues are highly diverged in the Saccharomycetaceae fungi,
suggesting that S. cerevisiae Hop1 and its close relatives may have lost the ability to bind histone
tails despite retaining the PHD domain (Figure 3-2a-c). Based on the conserved domains within
the meiotic HORMAD central region, we propose that the last common ancestor (LCA) of eu-
karyotes encoded a meiotic HORMAD protein with one or two wHTH domains. In Opisthokonta,
which includes fungi and metazoa, this architecture was modified to include a PHD finger do-
main situated N-terminal to a single wHTH domain, which was further elaborated to include the
HTH-C domain in some fungi. Many groups, notably including mammals, have since lost these
domains, and their meiotic HORMADs apparently encode only an N-terminal HORMA domain

and a disordered C-terminal domain with a closure motif. Strikingly, however, the majority of
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meiotic HORMADSs across eukaryotes encode a central region with putative DNA or histone-tail
binding activity. Based on the predicted functions of these domains, we term the central region

of meiotic HORMADs the Chromatin-Binding Region or CBR.

Structure of the budding-yeast Hop1 CBR

To better understand the architecture of the meiotic HORMAD CBR, we purified and
determined a 1.5 A-resolution crystal structure of the central region of Hop1 from the budding
yeast Vanderwaltozyma polyspora (residues 317-535; 34% identical to S. cerevisiae Hop1 in
this region). This structure revealed a PHD finger domain spanning residues 319-374, which
coordinates two zinc ions through its eight conserved cysteine and histidine residues (Figure
3-1d, Figure 3-2a-b). Despite the conservation of the zinc coordinating sites, we see a total
degradation of the 4 key residues thought to bind modified or unmodified histone tails in the
Saccharomycetaceae (Figure 3-2b,c). However, once we broaden the alignments, we see that
other fungi have seemingly maintained conservation of key residues in the hydrophobic pocket
(Figure 3-2a) and likely may still function to bind histone tails. The PHD domain is tightly associ-
ated with a variant wHTH domain (residues 374-439 in V. polyspora) (Figure 3-4a). The HTH-C
domain that we identified in Saccharomycetaceae folds around the PHD and wHTH domains,
with three 3-strands forming a divergent wing in the wHTH domain, and a long C-terminal a-helix

that folds against both domains to stabilize their rigid association (Figure 3-4b).

The Hop1 CBR module specifically binds nucleosomes

The presence of a PHD domain and a wHTH domain in the Hop1 CBR strongly sug-

gests that this domain binds chromatin, potentially recognizing nucleosomes through a bipartite
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DNA + histone tail recognition mechanism. To test this idea, we tested binding of both the V.
polyspora and S. cerevisiae Hop1 CBRs to DNA and to mononucleosomes. We first attempted
a streptavidin pulldown of the Hop1 CBR with biotinylated unmodified mononucleosomes, and
saw a strong 1:1 association in the elution (Figure 3-5a). We next used cryo-electron microscopy
(cryo-EM) to determine a high-resolution structure of the S. cerevisiae Hop1 CBR bound to a
mononucleosome. We incubated purified mononucleosomes with a 20-fold molar excess of the
Hop1 CBR and lightly crosslinked the sample using glutaraldehyde, then purified the complex
by size exclusion chromatography (Figure 3-5b). We collected a cryo-EM dataset comprising
902,072 particles initially extracted from 1,314 micrographs. After 2D classification, we selected
353,418 particles for 3D reconstruction with multiple classes. The predominant class (160,538
particles) showed only a nucleosome, comprising an octamer of histone proteins (two copies
each of histones H2A, H2B, H3, and H4) wrapped with 147 bp of DNA. A second class (96,535
particles) showed a nucleosome with clear density for a Hop1 CBR (Figure 3-6a-€e). After particle
re-extraction and 3D refinement, we obtained a 2.84 A-resolution structure of the nucleosome
alone (Figure 3-6f), and a 3.06 A-resolution structure of the Hop1 CBR-bound nucleosome (Fig-
ure 3-69, Figure 3-7a-b). A third minor class showed weak density for two Hop1 CBRs bound to
symmetry-related positions on the two-fold symmetric nucleosome, but this class contained too
few particles for a high-resolution reconstruction. The structure shows that the Hop1 CBR binds
the strongly-bent nucleosomal DNA in a specific location at SHL3 (DNA bases 25-33 from the
dyad axis). Here the CBR interacts with the major and minor groove of one DNA gyre through
three DNA-binding loop regions, with K340 in the PHD domain interacting with the opposite DNA
gyre to further stabilize the binding. Given the lack of histone interaction, we measured bind-

ing affinity of the Hop1 CBR for nucleosomes and for an isolated 40-base pair DNA fragment,
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and observed a strong preference for binding intact nucleosomes (Kd=760 nM) over dsDNA
(Kd=2.4 uM) (Figure 3-7d). We speculate that this difference in binding preference is based on
the unique bent conformation of the nucleosomal DNA around the histone core. Interestingly,
there is no electron density present for any histone tails in our structure (Figure 3-7a-c), indi-
cating that the Hop1 CBR does not interact with either the folded histone-protein core regions
or tails. The tail situated closest to the Hop1 PHD domain is the H2B N terminal tail. Although
not present in the EM density, this tail appears to be ideally located to emerge between the two
DNA gyres adjacent to the PHD domain. Despite the lack of electron density for the H2B tail, we
reasoned that this tail may nonetheless be dictating the binding position of the Hop1 CBR on the
nucleosome. To test this idea, we tested binding of the Hop1 CBR to reconstituted nucleosomes
lacking the H2B tail, and observed no difference in binding affinity compared to nucleosomes
assembled with full-length H2B. Moreover, we assembled complexes and collected an additional
Cryo-EM dataset on the Hop1 CBR bound to nucleosomes lacking the H2B tail, and observed
that the Hop1 CBR binds in the same position as observed in our high-resolution structure.
Thus, at least in Saccharomycetaceae fungi, the Hop1 CBR interacts solely with the bent DNA

of a nucleosome despite the presence of a PHD domain.

Identification of key residues and DNA structure necessary for binding

Based on our structure, we identified three loops in the Hop1 CBR that mediate DNA
binding. Loop 1 is positioned in the PHD domain, with the side-chains of N362 and H365 in-
teracting with the minor groove of base pair step SHL -2.5 (as measured from the nucleosome
dyad axis). Loop 2 is in the wHTH domain, with R402, K403, K404, and K405 inserting into

the minor groove of base pair step SHL -3 (Figure 3-7c). Through a structural comparison with
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a nucleosome only structure from the same dataset, we see that Loop2 widens the gap in the
minor groove of the DNA by 1 Angstrom at its binding location (Figure 3-8a-b).. Curiously,
despite sharing a common fold with canonical DNA-binding wHTH domains, the Hop1 wHTH
domain binds DNA on a distinct surface compared with these domains. Finally, Loop3 is in
the HTH-C domain, with K452 and R458 binding base pair step SHL -3.5. To test the role of
these three loops in nucleosome binding by the Hop1 CBR, we generated alanine mutants of
each loop, plus constructs with two or all three loops mutated. We used electrophoretic mobility-
shift assays (EMSASs) to test the affinity of each Hop1 CBR mutant for mononucleosomes. All
single-loop and double-loop mutants reduced the Hop1 CBR’s binding affinity for the nucleo-
some (Figure 3-7e-h). The most dramatic effects were observed with the Loop 2 alanine mutant
and the Loop 1-2-3 mutant, reducing the affinity to 680uM and 180uM, respectively. These
data allow us to conclude that Loop 2 is likely the most critical element in the Hop1 CBR for
nucleosome binding. Curiously, Loop 2 is not conserved outside Saccharomycetaceae fungi
(Figure 3-1c), lending further credence to the idea that these organisms’ HORMAD CBR has
evolved a chromatin binding mechanism distinct from other HORMADs encoding a PHD-wHTH

domain pair.

The Hop1 CBR is required for proper meiosis

To assess the importance of the Hop1 CBR for meiosis, we generated a mutant S. cere-
visiae strain with the Hop1 CBR (residues XXX-XXX) deleted, but maintaining the protein’s other
functionally-important domains. We observed a spore viability of 0% for the hop1ACBR strain,
on par with that of a hop1A strain, suggesting a severe defect in one or more Hop1 functions. In

the hop1ACBR strain, Hop1 was expressed and phosphorylated with near-wildtype levels and
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timing (Figure 3-9b), and localized to chromosomes as observed by immunostaining spread mei-
otic chromosomes (Figure 3-9c¢). Using quantitative mass spectrometry of chromatin-enriched
S. cerevisiae extracts, we showed that most important meiotic chromosome-localized proteins
were able to localize to chromatin (Figure 3-9d). Finally, measurement of DNA double-strand
breaks along one chromosome using Southern blots revealed only a slight reduction in DSB
levels, alongside a minor shift in the pattern of DSBs indicating a shift in hotspot usage (not
shown).Thus, most known functions of Hop1, including chromatin localization, phosphoryla-
tion, and DSB production, are unaffected by deletion of the Hop1 CBR. We speculate that the
hop1ACBR strain may be severely defective for interhomolog crossover formation, potentially

explaining the low spore viability.

The Hop1 CBR module is responsible for Rec8-independent axis localization

Our prior data (Heldrich 2020) revealed that Hop1 is responsible for Rec8-independent
recruitment of the chromosome axis protein Red1 to “islands” along meiotic chromosomes, de-
fined by high coding density and high nucleosomal occupancy. To determine the role of the
Hop1 CBR in this activity, we performed ChIP-Seq for Hop1 and Red1 in rec8A, hop1ACBR,
and double-mutant strains. The hop1ACBR strain showed a near-wild-type distribution of Hop1
and Red1 along chromosomes. In the rec8A strain, we observed the characteristic islands of
Rec8-independent axis assembly. The double mutant strains showed near-zero occupancy of
both Hop1 (Figure 3-9e) and Red1(Figure3-9f) on chromosomes, confirming that the Hop1 CBR

is directly responsible for Rec8-independent chromosome axis assembly.
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3.3 Discussion

Here we have determined the structure of the conserved non-vertebrate Hop1 central
domain to be a CBR. We determined the structure of the CBR bound to a nucleosome and
showed that this interaction is with the bent DNA around the nucleosome. We show how the
CBR interacts with the DNA by an insertion of the protein’s critical DNA binding loop 2 into the
minor groove and a stabilization of K340 binding to the opposite DNA gyre. We see no evidence
of interaction with the histone proteins at either their core or tail, suggesting that histone tail
modifications play no role in the Saccharomycetaceae’s CBR preference for nucleosomal bind-
ing and further its chromatin localization. However, due to the broad conservation of this domain
(Figure 3-10a), we hypothesize that the HORMAD protein CBR of non-Saccharomycetaceae
fungi and other Opisthokonts may have an ability to associate with histone tails. This data ex-
plains the previously published finding that Rec8-independent islands of axis-protein binding
occur in nucleosome-enriched areas of the genome. Our prior work showed that in wild-type S.
cerevisiae cells, the pattern of axis-protein deposition on chromosomes is a composite of focal
Rec8-dependent peaks and broader Hop1-dependent islands, indicating that Hop1 is a criti-
cal factor for determining wild-type chromosome axis structure (Heldrich 2020). We previously
showed that Hop1-dependent islands have higher levels of DSB formation and higher levels of
the crossover factor Zip3 than the genome as a whole (Heldrich 2020). Our preliminary unpub-
lished data also reveals altered crossover dynamics, and suggests a reduction of crossovers in
the absence of the CBR (not shown). This suggests that the regulation of meiotic recombination
may differ across the genome, based on whether the axis in that region has been assembled in
a Rec8- or Hop1-dependent manner (Figure 3-10b). We further hypothesize that in regions of

high nucleosome density, the chromosome axis can be deposited at a higher density leading to
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enriched dynamics of recombination factors. Meiotic HORMADSs directly interact with the RMM
complex (Rec114, Mei4, MER2), which is a precursor to Spo11 recruitment and therefore the
formation of DSBs (Kumar et al., 2018; Li et al., 2006). Work from other labs has shown that a
higher density of the RMM recombination-promoting complex can alter their dynamics to form
phase separated species (Claeys Bouuaert, 2021). It is possible that this higher density of nu-
cleosomes leads to a higher seeding of chromosome axis and therefore Hop1 density, leading to
a higher density of recombination factors, allowing them to form preferential sites for crossovers.
Our data clearly demonstrate a critical role for the S. cerevisiae Hop1 CBR in both assembly of
the chromosome axis and in regulation of DSBs to become interhomolog crossovers. Based on
the broad distribution of a putative CBR in meiotic HORMADs across eukaryotic supergroups
(Figure 3-10a), we propose that these proteins’ CBRs play similar roles in chromosome axis as-
sembly and meiotic recombination across eukaryotes. One key role for these HORMAD CBRs
may be to bias the distribution of chromosome axis components, DSBs, and recombination to
regions of the genome which, like the three smallest chromosomes of S. cerevisiae, may be
at risk of chromosome mis-segregation without this bias. Species that have lost the HORMAD
CBR may have evolved alternative mechanisms for biasing DSB and recombination distribution
in the genome, such as the vertebrate specific ANKRD31 protein that promotes axis formation
at the X and Y chromosome PAR and other regions to promote accurate homolog segrega-

tion(Acquaviva et al., 2020; Papanikos et al., 2019).
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3.4 Materials and Methods

Protein Expression and Purification

Ligation-independent cloning was used to clone S. cerevisae Hop13%2=%37 and V
polyspora Hop1319-529 To express TEV protease-cleavable, His6-tagged or His6-MBP tagged
constructs, Hop1 fragments were cloned into 29666 (His6) and 29706 (His6-MBP)respectively.
DNA binding mutants were generated by mutagenic PCR using the MBP tagged construct. For
protein expression, plasmids encoding Hop1 fragments were transformed into E. coli LOBSTR
cells, and grown in 2XYT media supplemented with ZnClI2, carbencillin, and chloroemphenical.
Cells were grown at 37°C to an OD600 of 0.6, shifted to 20°C and protein expression induced
with 0.25 mM IPTG, and grown 16 hours. For protein purification, cells were harvested by cen-
trifugation, suspended in resuspension buffer (20 mM Tris—HCI pH 7.5, 300 mM NaCl, 20 mM
imidazole, 2uM BME and 10% glycerol) and lysed by sonication. Lysate was clarified by centrifu-
gation (16 000 rpm 30 min), then supernatant was loaded onto a Ni2+ affinity column (HisTrap
HP, GE Life Sciences) pre-equilibrated with resuspension buffer. The column was washed with
resuspension buffer, and eluted with a buffer containing 250 mM imidazole and 100 mM NacCl.
The elution was loaded onto an anion-exchange column (Hitrap Q HP, GE Life Sciences) and
the desired protein was collected in the flow through. The flow through was then concentrated
to 500uL by ultrafiltration (Amicon Ultra-15, EMD Millipore), then passed over a size exclusion
column (HiLoad Superdex 200 PG, GE Life Sciences) in a buffer containing 20 mM Tris—HCI pH
7.5, 300 MM NaCl, 10% glycerol and 1 mM DTT. For crystallization experiments, the N-terminal
His6-tag on V polyspora Hop13'7—53% was cleaved over night with TEV protease, passed over

a second Nickel column, concentrated and ran over a size exclusion column. Purified proteins
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were concentrated by ultrafiltration and stored at 4°C for crystallization, or aliquoted and frozen

at 80°C for biochemical assays. All mutant proteins were purified as wild-type.

Nucleosome Core Particle Reconstitution

Unfolded xenopus histones were bought in powder form from the Histone source and
assembled by refolding together. Briefly, histones were resuspended in Unfolding Buffer (6M
Guanidinium HCL, 20mM Tris pH 7.5, 5mM DTT) to a concentration of 2mg/mL and mixed
together in a molar ratio of 1:1:0.9:0.9 for H2B:H2A:H4:H3 and diluted to a final concentration of
1mg/mL. The solution was placed in a dialysis cassette (Slide-A-Lyzer 3.5kDa cutoff) and buffer
exchanged 3 times (4h, 12h, 4h) in Refolding Buffer (2M NaCl, 10mM Tris pH 7.6, 1ImM EDTA,
imM DTT). Lastly, the octamer was run on a S200 Size exclusion column in Refolding Buffer
to separate from any unassembled dimer. The Widom 601 sequence was amplified using a
PCR reaction and purified by loading and elution onto an anion exchange column (HiTrap Q HP,
GE Life Sciences). DNA and the histone core particles were then folded together by overnight
dialysis from 1.4M TEK (1.4M KCI, 10mM Tris pH 7.5, 0.1mM EDTA, 1mM DTT), to 10mM TEK
(10mM KCI, 10mM Tris pH 7.5, 0.1mM EDTA, 1mM DTT). Folded nucleosomes were purified on

a size exclusion column (Superose 6) to ensure quality and purity.

X-ray Crystallography

V. polyspora Hop1 was buffer exchanged into Crystalization Buffer (20mM Tris pH 7.5,
50mM NaCl, 1mM DTT) concentrated to 20mg/ml and screening trays were set with a wide
array of predefined crystal screens, using a MOSQUITO tray setter. Initial crystals were strong

enough to pick from the screening tray with the condition 0.1M MES pH 6.5 and 30% (v/v) PEG
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400. A dual dataset was collected using the ALS 12.3.1 beamline to generate a native and an
additional set using the Zn wavelength to phase off of. For structure determination the following
programs were used; XDS for indexing and integration, AIMLESS and TRUNCATE for scaling
and structure-factor calculation. hkl2map/SHELX for site identification, Phenix Autosol pipeline

for phasing and automatic model building, model rebuilt in COQOT, and refined in phenix.refine.

Cryo-electron Microscopy Sample Preparation

Nucleosomes were incubated with a 20 fold excess of Sc Hop1 CBR in crosslinking
buffer (20mM HEPES 7.5, 50mM NaCl), for 30mins on ice, brought to room temperature for
5 mins, then crosslinked with a final concentration of 0.02% glutaraldehyde for 30 mins. The
crosslinking reaction was the quenched using 1 volume of 1M glycine, concentrated and run

over a Superose 6 column, then concentrated again to 3uM for cryo-grid setting.

Cryo-EM Data Collection and Refinement

A full dataset of 1,314 micrographs were collected using a FEI Titan Krios G3 at magnifi-
cation 130,000x, using a K2 Summit direct electron detector, at a defocus range of -0.5 to -2um.
CryoSparc was used as a pipeline to process data and extract 902,072 particles total. From
that particle set, 353,418 were refined and after iterative sorting and re-extraction, the Hop1
CBR with Nucleosome structure was generated from 96.535 particles. The Nucleosome alone
structure was generated from 160,538 particles. To build the model, used PDB ID 3LZ0 as a
template for the nucleosome core particle, and a threaded model of Sc Hop1322-524 generated
by PHYRE server using structure of Vp Hop1319—529 as a template. model rebuilt in COOT, real-

space refined in phenix.refine. The nucleosome has overall two-fold rotational (C2) symmetry,
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but the Widom 601 nucleosome positioning sequence is not symmetric. Since our structures are
unable to unambiguously assign the identity of each nucleotide base in our maps, we indepen-
dently built and refined models with both orientations and examined the model-map correlation
across the entire DNA sequence. For both Hop1-bound and unbound nucleosome structures,
one DNA orientation clearly showed a higher model-map correlation than the other, especially
in the positions that differ in purine versus pyrimidine identity between the two orientations (not

shown).

EMSA Gel Shifts

EMSA reactions were prepared in Binding Buffer (20 mM Tris—HCI pH 7.5, 2uM BMe,
25mM NaCl, 10% glycerol) by keeping the Nucleosome concentration constant at 50 nM and
varying the protein concentration. After 15 min incubation and addition of 5% (w/v) sucrose,
free Nucleosome and DNA-protein complexes were resolved by electrophoresis on 6% TBE-
acrylamide gels pre-equilibrated (pre-run for 60 min at 150 V) in 0.2X TBE running buffer. Gels
were run for 90 min at 120V at 4°C. Gels were stained with SytoxGreen DNA stain and imaged
using a Bio-Rad ChemiDoc system using filters to image SYBRGreen. Gel bands were quan-
tified using Imaged (https://imagej.net), and binding curves were calculated using GraphPad

Prism (https://www.graphpad.com).
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Figure 3.1: Meiotic HORMADs encode a variable central chromatin-binding regiona. Evo-
lutionary tree of 110 diverse eukaryotes, with individual domains in meiotic HORMAD proteins
(as detected by HMM searches) noted. b. Domain structures of meiotic HORMAD proteins
from H. sapiens (Opisthokonta, Metazoa), Branchiostoma belcheri (Opisthokonta, Metazoa), S.
cerevisiae (Opisthokonta, Fungi), Aspergillus nidulans (Opisthokonta, Fungi), and Arabidopsis
thaliana (Archeaplastida). Domains are colored as in panel (a). ¢. Sequence alignment of the
meiotic HORMAD wHTH domain, showing a subset of identified domains. See Figure 3-3 for
full alignment. d. Sequence alignment of the meiotic HORMAD PHD domain, showing a sub-
set of identified domains. See Figure 3-2a for full alignment, and Figure 3-2c for an expanded
alignment of Saccharomycetaceae PHD domains.
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Figure 3.2: Alignments of the CBR PHD domain a. Larger Opisthokonta alignment of meiotic
HORMAD PHD domains, showing conservation of key residues I, Il, lll, IV of the hydrophobic
pocket in all but the Accharomycetaceae. b. Hydrophobic pocket of H. sapiens PHF20 PHD
domain showing the 4 key residues involved in histone peptide binding. ¢. Saccharomycetaceae
PHD alignments show a total degradation of key pocket residues I, II, Ill, V.
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Figure 3.3: Alignments of the CBR HTH domains a. Saccharomycetaceae wHTH alignments
show a conservation of predicted 3 alpha helices followed by a short beta sheet. b. Saccha-
romycetaceae HTH-C alignments show weaker conservation of a pair of beta sheets followed
by a C terminal longer alpha helix.
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Figure 3.4: Structure of the budding-yeast Hop1 CBR a. Domain structure of budding-yeast
Hop1, with domain boundaries for S. cerevisiae and V. polyspora Hop1 noted. b. Two views of
the V. polyspora Hop1 CBR, with PHD domain colored blue, wHTH green, and HTH-C orange.
Residue numbers are noted for V. polyspora, with equivalent residue numbers for S. cerevisiae.
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Figure 3.5: Initial biochemical characterization of nucleosome binding to the Hop1 CBR
a. Streptavidin pull down with and without biotinylated nucleosomes with the Hop1 CBR. Hop1
CBR is pulled down with the nucleosome in a close to 1:1 ratio. b. Superose 6 columns of
Nucleosomes alone (blue) or Nucleosome crosslinked with the Hop1“2% (orange) show a 0.5mL
shift in the crosslinked complex.
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Figure 3.6: Cryo-EM workflow a. Sample micrograph of nucleosome with Hop1¢Z%. Scale bar
is 50nm. b. Representative 2D class averages of the 902,072 particles. ¢. Workflow of initial
3D models, to re-extracted and refined final 3D models. d. FSC Resolution of the nucleosome
only structure shows a resolution of 2.84 Angstroms. e. FSC Resolution of the nucleosome
with Hop1¢BE structure shows a resolution of 3.06 Angstroms. f. Local resolution map of the
nucleosome only structure. g. Local resolution map of the Hop1¢ 2% with nucleosome structure.
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Figure 3.7: Structure of the Hop1 CBR bound to a nucleosome a. Two views of a 3.06 A
resolution cryo-EM map of the S. cerevisiae Hop1 CBR bound to a nucleosome. b. Hop1¢BE
-nucleosome structure, with DNA colored gray, histones colored yellow (H2A)/red (H2B)/blue
(H3)/green (H4), and the Hop1 CBR colored as in Figure 3-4. ¢. Closeup view of nucleosomal
DNA binding by the Hop1 CBR, with DNA binding loops 1, 2, and 3 noted. d. Electrophoretic
mobility shift assays (EMSAs) measuring nucleosome vs 40bp dsDNA binding by the wild-type
Hop1 CBR, show a stronger affinity for the whole Nucleosome. e. WT Hop1 CBR EMSA gel shift
with Nucleosome. f. The Hop1 CBR Loop2 alanine mutant completely disrupts CBR binding. g.
The Hop1 CBR Loop1/2/3 alanine mutant completely disrupts CBR binding. h. Kd ranges of all
CBR mutants tested by EMSA gel shifts
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Figure 3.9: The Hop1 CBR mediates Rec8-independent axis assembly a. Domain structure
of the full-length S. cerevisiae HOP1 gene (top), and the hop7-Acbr allele with codons 322-
537 deleted. b. Western blot for Hop1 show near wildtype expression and phosphorylation of
hop1-cbr. ¢. Chromosome spreads of wildtype, hop1-A, and hop1-Acbr, show near wildtype
localization of Hop1 and Zip1 in the hop7-Acbr mutant. d. Quantitative mass spec analysis of
chromatin enriched fractions of wildtype vs the hop1-Acbr show approximately a 2 fold reduction
in common meiotic proteins. e. Chromosome X Hop1 ChIP-Seq signal (spike-in normalized) for
wild-type, rec8A, hop1-Acbr, and hop1-Acbr/rec8A cells. Red shading indicates previously-
identified Rec8-independent Hop1 “islands” f. Chromosome X Red1 ChIP-Seq signal (spike-in
normalized) for wild-type, rec8A, hop1-Acbr, and hop1-Acbr/rec8A cells.
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Figure 3.10: Model for dual axis assembly mechanisms. a. Schematic of conservation of
various DNA binding domains present in meiotic HORMADs b. Schematic of our novel mecha-
nism for chromosome axis assembly. The Hop1 CBR directly binds to chromatin, in the absence
of Rec8, and creates a chromosome axis structure that promotes crossovers. ¢. Schematic of
Rec8 dependent chromosome axis assembly. Rec8 extrudes DNA loops while also connecting
to a filamentous Red1, to create the loop axis structure.

75



Chapter 4

Biochemical Characterization of S.

cerevisiae Msh4:Mshb5

4.1 Introduction

Accurate segregation of homologous chromosomes in the meiosis | division depends on
specific recognition, physical association, and eventual formation of DNA crossovers between
each pair of homologs in meiotic prophase. The homologous recombination pathway that gen-
erates crossovers in meiosis is initiated by Spo11, a conserved nuclease that generates double-
strand DNA breaks (DSBs)(Keeney, 2001). Spo11 acts in the context of the chromosome axis,
a protein scaffold that assembles in early meiosis | and organizes chromosomes into linear ar-
rays of chromatin loops, recruits recombination machinery (Goodyer et al., 2008; Woltering et
al., 2000), promotes DSB repair through the homolog (Humphryes and Hochwagen, 2014), and
provides a platform for synaptonemal complex assembly (Shin et al., 2010). The S. cerevisiae

chromosome axis consists of cohesin complexes containing a meiosis-specific kleisin subunit,
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Rec8 (Klein et al., 1999), and the meiosis-specific proteins Red1 (Smith and Roeder, 1997)
and Hop1 (Hollingsworth et al., 1990). Cohesin rings cinch sister chromosomes together, while
Red1 localizes to cohesion sites and serves as a linker to bring Hop1 to the chromosome axis.
Hop1 then acts as a master regulator of meiosis by recruiting double strand break machinery,
then encouraging repair off the homolog as opposed to the sister. After crossovers are initiated,
Hop1 is then stripped off of the meiotic chromosome axis by Pch2 in coordination with formation
of the inter-homolog synaptonemal complex.

The number of DSBs formed in early meiotic prophase dramatically outnumber even-
tual crossovers, with the bulk of DSBs being repaired as so-called noncrossovers (Allers and
Lichten, 2001). The mechanisms behind the decision of which DSBs are processed to be-
come crossovers and which become noncrossovers remains unclear. It is known that crossover
number and overall distribution are tightly regulated, ensuring that each homolog pair has a min-
imum of one crossover (referred to as “crossover assurance”), and that neighboring crossovers
are more evenly spaced than a random distribution would suggest (referred to as “crossover
interference”) (Bishop and Zickler, 2004).

Proteins of the so-called ZMM group play crucial roles in both inter-homolog recombina-
tion and in functionally linking recombination to downstream events like synaptonemal complex
assembly. In budding yeast, this functionally diverse set of proteins includes signaling proteins
(Zip3), DNA-binding recombination mediators (Zip2, Zip4, Spo16, Mer3, Msh4, and Msh5), and
subunits of the synaptonemal complex itself (Zip1). Mutation in any of the ZMM proteins leads to
a deficiency in meiotic crossovers (Borner et al., 2004). The E3 ligase Zip3 is thought to mediate
crossover homeostasis to ensure proper crossover number and location, affecting phenomena

like crossover interference and crossover assurance (refs). Zip3 is also required for initial re-
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cruitment of Zip1 into foci at recombination sites (refs). Zip1 is the main “transverse filament
protein of the synaptonemal complex itself. It is suggested by some data that Zip1’s further
assembly along chromosomes requires a complex including Zip2, Zip4, and Spo16, which are
found at the “leading edge” of assembling Zip1 structures (refs). Mer3 is a 5’-3° DNA helicase
with poorly-defined roles in crossover formation.

The final members of the ZMM group are Msh4 and Msh5, which form a complex homol-
ogous to the mismatch-recognizing Msh2-Msh6 complex involved in the DNA mismatch repair
pathway. This complex plays a key, but poorly understood, role in meiotic crossover formation,
likely by recognizing and stabilizing a crossover-specific recombination intermediate and then
mediating the assembly of a “recombination nodule” (Shinohara et al., 2008). The Msh4 and
Msh5 names arise because of their homology to bacterial MutS (MutS Homologs), and most
members of this family in both bacteria and eukaryotes directly recognize DNA mismatches to
initiate DNA mismatch repair. In eukaryotes, the seven MSH proteins form several different
heterodimers, each with distinct functions. After mitotic DNA replication, the MSH2-MSH6 and
MSH2-MSH3 complexes function in the repair of mismatches. Recognition of a mismatched
nucleotide provokes an ADP-to-ATP exchange, resulting in the formation of a stable hydrolysis-
independent sliding clamp (Gradia et al., 1997). This clamp is capable of diffusion for at least
1 kb along the DNA adjacent to the mismatch. In both eukaryotes and prokaryotes, ATP-bound
MutS/MSH complexes recruit downstream factors to cleave and repair the mismatched DNA.
Crystal structures of T. aquatiqus and E. coli MutS have revealed that the proteins consist of
five subdomains that together clasp the DNA; Domain | has been shown to bind the mismatch
directly, as seen in Figure 4.1a (Acharya et al., 2003).

Msh4 and Msh5 form a dimer via their C-terminal domains (Kolas and Cohen, 2004), and
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immunostaining data suggests that Msh4 and Msh5 form foci and colocalize in zygotene when
homologs begin to synapse until late pachytene, when sister chromatids separate from each
other.(Lenzi et al., 2005) In vitro work has shown that the human MSH4-MSH5 heterodimer
binds to Holliday junction DNA, and this binding causes an ADP-to-ATP exchange followed
by a conformational change in the MSH4-MSH5 complex, resulting in a sliding clamp action
(Snowden et al., 2004). In the absence of the ordered DNA binding domains, a large cavity may
be created in the center of the Msh4-Msh5 heterodimer. This cavity is presumably large enough
for a Holliday Junction (Figure 4.1b) and may indicate how the Msh4-Msh5 complex interacts
with its DNA substrates.

Msh4 and Msh5 in different species have been individually shown to interact with compo-
nents of the double strand break repair pathway, such as the recombinases Rad51 and Dmc1,
MIh1 and the recombination SW1/SNF helicase RAD54(Neyton et al., 2004; Santucci-Darmanin
et al., 2000; Snowden et al., 2008). Taken together, these results suggest a model where the
Msh4-Msh5 complex binds and stabilizes an early recombination intermediate, potentially either
the D-loop product of initial strand invasion or alternatively a Holliday Junction, and promote the
assembly of crossover-specific and likely ZMM machinery. In toto, this machinery probably con-
stitutes the “recombination nodules” previously observed by low-resolution electron microscopy

on meiotic chromosomes.
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4.2 Results and Discussion

Purification of the Msh4-Msh5 complex

Prior studies have reconstituted the Homo sapiens MSH4-MSH5 complex and showed
that the complex binds Holliday Junction DNA and forms a sliding clamp on DNA Snowden, 2004
252. As our lab is focused on reconstituting larger recombination-mediating protein networks
from the budding yeast Saccharomyces cerevisiae, | developed and optimized a protocol to
purify S. cerevisiae Msh4-Msh5 in Tni insect cells using a baculovirus expression system. Either
Msh4 or Msh5 was fused to a His6-Maltose Binding Protein tag to enhance solubility and enable
purification, and the tagged subunit was coexpressed with its untagged partner to generate the
1:1 Msh4-Msh5 complex. The His6-MBP tag was placed on either protein of the heterodimer
to ensure the bulky tag did not interfere with substrate binding. As both variations of tag had
the same binding affinity for Holliday Junction DNA, | determined that either protein could be
tagged without a decrease in functionality of the heterodimer. In addition to full length Msh4-
Msh5, | also expressed and purified N-terminally truncated proteins missing short N-terminal
disordered regions. | tested Msh4 truncations missing the first 25, 62 or 93 residues, and Msh5
truncations lacking the first 18, 23 or 48 residues. All Msh4-Msh5 complexes co-purified in a 1:1
stoichiometric ratio, consistent with other heterodimeric MutS-family complexes (Figure 4.2b). |
have found that the complexes need MBP for solubility, and have been unable to successfully

cleave the MBP tag off and maintain a high yield of protein.
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DNA binding of the Msh4-Msh5 complex

In an effort to mimic all potential DNA intermediates, | designed a suite of DNA oligonu-
cleotides that | could anneal in different combinations to generate all possible recombination
intermediates from simple 5’ or 3’ overhangs to full Holliday junctions (Figure 4.3a-b). Previous
studies have shown that human Msh4-Msh5 binds with nanomolar affinity to a Holliday junction
and a pre-Holliday junction (a step just prior to a completed Holliday Junction in the recombi-
nation pathway) (Snowden et al., 2004). However, as Msh4-Msh5 localize and form foci before
Holliday Junctions are formed, it is necessary to test the minimum DNA substrate required for
Msh4-Msh5 binding. | performed electrophoretic mobility shift assays (EMSAs) with TBE-PAGE
gels and fluorescently-labeled DNA oligos incubated with the S. cerevisiae MBP-Msh4-Msh5
complex. | observed strong binding to the Holliday junction (Kd = 0.63:M) and pre-Holliday
junction (Kd = 1.37uM) intermediates, and slightly lower affinity binding to the Y branch and Y
branch+ intermediates (Figure 4.3c-e). Little to no Msh4-Msh$ binding was observed with the
less-complex DNA intermediates such as 3’ and 5’ overhangs, double-stranded DNA, and sin-
gle stranded DNA. From this data, | determined that S. cerevisiae Msh4-Msh5 prefers to bind

branched DNAs like Holliday junctions, consistent with prior work on H. sapiens MSH4-MSH5.

Identification of key residues for DNA binding

Msh family homologs feature a mismatch DNA binding domain at their N-terminus. How-
ever, in Msh4 and Msh5 homologs, these ordered domains are replaced with shorter disordered
regions of varying length amongst homologs, that have low conservation (Figure 4.4a-b). To
test the roles of these N-terminal regions in DNA binding by Msh4-Msh5, | generated three pro-

gressive truncations on each protein, purified the resulting complexes, and test DNA binding. |
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truncated Msh4 at residue 26, 63, and 94, with 94 being the beginning of the structured connec-
tor domain of Msh4. Interestingly, truncating the first 26 residues of Msh4 had no effect on the
binding of Msh4-Msh5 to Holliday Junctions (Kd = 0.44uM), while the truncations at residues
63(Kd = 2.85,M), and 94(Kd = 6.3:M), had a severe effect on binding affinity (Figure 4.4d). We
can therefore conclude that Msh4 residues 26-94 are necessary for Holliday Junction binding.
| could identify two moderately-conserved charged residues in this region: K52 and R83. It will
be important for future work to determine whether mutating these residues has a similar effect
on Holliday junction binding. For Msh5, | generated truncations starting at residues 19, 24, and
49, with 49 being the beginning of the structured connector domain of Msh5. Truncating Msh5
at residues 19(Kd = 0.43u:M), or 24(Kd = 0.71uM), had no effect on Holliday junction binding,
but truncating the protein at residue 49 nearly eliminated all Holliday junction binding (Figure
4.4e). | can therefore conclude that Msh5 residues 24-49 are necessary for Holliday Junction
binding and recognition. Despite knowing the range of residues required for binding, based on
alignments of fungal relatives there are no clearly identifiable conserved residues on the Msh5
N terminal tail that could be coordinating binding. Thus, a major goal for future structural work

will be to determine the roles of both the Msh4 and Msh5 N-termini in Holliday junction binding.

Toward a cryo-EM structure of Msh4-Msh5

A major goal of this project was to determine a high-resolution structure of the Msh4-
Msh5 complex, either in the presence or absence of Holliday junction DNA. Toward this goal,
| was able to optimize the preparation of stable Msh4-Msh5-Holliday Junction complexes for
analysis by either x-ray crystallography or cryo-electron microscopy (cryo-EM). | performed ini-

tial crystallization screens with both DNA-bound and unbound Msh4-Msh5, but did not identify
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conditions for crystallization of either complex. | next turned to cryo-EM, which is more suited
to high-resolution structural analysis of large (over 200 kDa) macromolecular complexes that
may show structural disorder that inhibits crystallization. As a step towards a single particle
cryo-EM structure, | prepared negative-stain samples of purified Msh4-Msh5 complexes. From
an initial dataset of images, | manually picked single particles and generated 2D class averages
using Relion2 software. As seen in Figure 4.5, initial negative-stain images(Figure 4.5a) show a
good quality of sample for single particles (Figure 4.5b), and the 2D class averages (Figure 4.5¢)
mimic various shapes which fit the predicted structure based on the Msh2-Msh6 structure. In or-
der to obtain a high resolution dataset, | next prepared samples for plunge-freezing and analysis
by cryo-EM. These efforts were stymied by consistently high levels of apparent protein aggre-
gation upon application to cryo-EM grids and freezing (Figure 4.5d). After attempting several
different freezing conditions, and preparing samples both in the presence and absence of Holl-
iday Junction DNA, | was unable to achieve homogenous samples amenable to high-resolution

structure determination.

Discussion

The scope of this project was to define on a molecular level how the S. cerevisiae Msh4-
Msh5 complex shuttles DNA intermediates towards a crossover fate. Msh4-Msh5 has been well
studied in vivo but specific structural details are lacking. Although | was unable to achieve the
ultimate goal of a high resolution structure of the Msh4-Msh5 complex bound to a relevant DNA
substrate, | was able to further define its biochemical role. | was able to establish a protocol
to create a high quality and reproducible protein complex of Msh4-Msh5. | verified that the

S. cerevisiae Msh4-Msh5 complex functions similarly to its H. Sapiens homolog by preferably
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binding the complex DNA intermediate of a Holiday junction. | also identified regions within the
short disordered N-terminal tails of both Msh4 and Msh5 that are critical for this interaction.
This work is another small step towards further understating the Msh4-Msh5 complex’s role in

meiotic recombination.

4.3 Materials and Methods

Protein Expression and Purification

S.c. Msh4 and Msh5 were cloned into the Macrolab’s baculovirus dual expression vec-
tor. Standard protocols (Bac to Bac, Fisher Scientific) were followed to generate baculovirus
and express it. Briefly, baculovirus was generated by transfecting a vector containing various
versions of both Msh4 and Msh5 into the SF9 cells, and amplified with three passages of virus.
P3 virus was used to infect Tni cells at 2x 106/ml, which were grown for 48 hours then har-
vested, centrifuged and resuspended in Buffer A (25mM Hepes pH 7.8, The Msh4-Msh5 com-
plex was purified by using a dounce homogenizer to lyse the insect cells in the presence of
protease inhibitors (aprotinin, leupeptin, pepstatin, PMSF), pelleting cellular debris by centrifu-
gation (30min at 17,000rpm). Cell lysate was then flowed over a gravity Ni2+-affinity column
and complex was eluted off with Nickel Elution Buffer (25mM Hepes pH7.8, 200mL NaCl, 5mM
MgCl2, 250mM Imidazole pH 8.0, 10% glycerol). Nickel elution containing the complex was
then incubated overnight with amylose-affinity resin preequilibrated in Amylose Column Buffer
(ACB, 20mM Hepes pH 7.8, 200mM NaCl, 1imM EDTA, 10% glycerol, imM DTT). The next day,
protein was eluted off with ACB with 10mM Maltose, concentrated and passed over a Superose

6 size-exclusion column in Gel Filtration buffer (25mM Hepes pH 7.8, 1mM DTT, 200mM NacCl,

84



10%glycerol, 5mM MgClI2) , yielding highly purified protein complex. Samples for EM were incu-
bated with ADP for 30 minutes on ice, then run on an Superose 6 column after incubation with
a Gel Filtration buffer containing ADP and no glycerol (25mM Hepes pH 7.8, 1mM DTT, 200mM

NaCl, .1mM ADP, 5mM MgCI2).

Gel Shifts

DNA binding substrates were created based off of relevant recombination intermediates,
with arms of 20bp length, or a full length of 40bp of DNA 5’-labeled with 6-carboxyfluorescein
(5’-6-FAM). DNA oligos were annealed in Oligo Annealing Buffer (10 mM Tris—HCI pH 8.0, 50
mM NaCl, 1 mM MgClI2, 1 mM EDTA) by combining the oligos to a final concentration of 10uM
and heating to 95°C and dropping one degree every two minutes down to 20°.EMSA reactions
were prepared in Binding Buffer (25 mM Hepes pH 7.8, TmM DTT, 100mM NacCl, 5% glycerol,
5mM MgCI2) by keeping the DNA substrate concentration constant at 5nM and varying the
protein concentration. After 15 min incubation and addition of 5% (w/v) sucrose, free DNA
and DNA-protein complexes were resolved by electrophoresis on 6% TBE-acrylamide gels pre-
equilibrated (pre-run for 40 min at 150 V) in 0.2X TBE running buffer. Gels were run for 30-60
mins, based on DNA substrate size, at 150V at 4°C. Fluorescent DNA substrates in their bound
and unbound states were imaged using a Bio-Rad ChemiDoc system using filters to image
Alexa488. Gel bands were quantified using Imaged (https://imagej.net), and binding curves

were calculated using GraphPad Prism (https://www.graphpad.com).
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Election Microscopy Methods

Samples for negative stain and cryo-EM were prepared as noted in the above section.
For negative stain, samples were diluted from 0.1uM — 1M and 5ul of sample was applied to a
glow discharged Electron Microscopy Sciences 400 square mesh copper grids for 60 seconds.
Grids were then gently washed in 2% Uranyl Acetate, 5 washes total, dried and imaged on a
FEI Tecnai G2 Sphera Microscope. Images were acquired at 55,000x magnitude, and recorded
with a Gatan 2k x 2K CCD camera. 75 micrographs were processed and particles were picked
using a standard Relion 2.0 workflow to generate class averages based on negative stain data.
Samples for cryo-EM were taken directly from the Superose 6 column and taken for processing
on the Vitrobot. Briefly, samples were prepared at 100nM, 500nM, and 2.5uM either with or
without 0.01% NP40 for cryo-fixation. Quantifoil CU200 grids were cleaned and glow discharged
for plunge freezing in liquid ethane prior to sample application. Grids were loaded into the
Vitrobot, and 3ul of sample was applied to the grid with a blot time of 3.5s. Images were
collected using the Talos Arctica TEM and a Gatan K2 Summit direct electron detector. No

dataset was collected due to the poor quality of sample.
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Figure 4.1: Msh Family Domains and Modeled Structure a. Crystal structure of Msh2-Msh6
(PDB 208B) bound to a DNA mismatch, Msh2 colored by domain, Msh6 colored grey. Domains
of both are to the right. Domain residue boundary numbers are generated from the H. sapiens
Msh2-Msh6 b. Our predicted structure of Msh4 colored by domain and Msh5 colored grey,
bound to a Holliday Junction. Domain residue boundaries are predicted from the threaded
model.
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Figure 4.2: Purification of S. cerevisiae Msh4 and Msh5 from insect cells. Disordered N-
terminals were either truncated to improve in vitro behavior or left full length for DNA binding
studies. A dual-expression construct was generated for the creation of Baculovirus in Sf9 cells,
then used to infect Tni cells for protein expression. a.: Size exclusion column of MBP-Msh4 and
Msh5 in complex, bound to ADP. b.: Coomassie stained SDS-PAGE gel of samples from elution
volumes 14.5-17mL. Expected MBP-Msh4 and Msh5 bands are at 132 and 97kDa respectively.
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proteins noted. Intermediates feature in Figure 4-3b are boxed and numbered. b. Proposed
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Figure 4.4: The role of the disordered N-termini of Msh4 and Msh5. a. A protein alignment
of fungal Msh4 N-termini shows limited conservation of the disordered tail. Truncations were
made at the residues indicated with arrows. b. Alignments of fungal Msh5 show even less con-
servation of the largely negatively charged tails. Again, truncations were made at the residues
indicated with arrows. ¢. Representative EMSA binding gel of Msh5-Msh4294 and Msh4-Msh5
full length binding to Holliday junction. d. Msh4 N terminal truncations show no effect until
residue 63, at which point binding affinity is dramatically decreased. e. Msh5 N terminal trunca-
tions show no effect until residue 49, indicating an important region for Holliday junction binding
between residues 24 and 49 of Msh5.
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Figure 4.5: Initial Negative Stain and Cryo-EM Micrographs with Negative Stain Generated
2D Class Averages. a. Sample negative stain images taken with a 200kV FEI Tecnai Sphera
at 55,000x magnification. Scale bar is 100uM. b. Sample particles were extracted using Relion
from 75 micrographs. c. Extracted particles were then used to calculate 2D class averages,
which demonstrate the excepted clamp structure and sides views based on the Msh2-Msh6
known structure. d. Sample cryo-EM image taken with the Talos Arctica TEM, shows a large
amount of sample aggregation on the grid.
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Chapter 5

Creation of a Time Resolved Network
of Meiotic Chromosome Associated

Proteins

5.1 Introduction

Meiosis, a hallmark of sexual reproduction, reduces the ploidy of a cell by undergoing two
rounds of chromosome segregation and cell division after a single round of chromosome replica-
tion. In the first meiotic division, termed meiosis |, each pair of homologous chromosomes must
identify one another and become physically linked in order to enable their accurate segregation
from one another in the meiosis | division. Physical linkage of homologs occurs through meiotic
recombination, a complex, highly ordered series of events involving double strand DNA breaks

(DSBs), and the eventual resolution of a select few DSBs to mature inter-homolog crossovers.
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A large number of protein complexes work together in a spatially and temporally ordered fash-
ion to organize chromosomes and coordinate meiotic recombination. While extensive work has
been done to study individual proteins or small protein complexes and their functions in meiosis,
there have only been a few studies that examine meiosis as a whole. S. cerevisiae represent a
highly desirable model organism for the study of meiosis, due to their genetic tunability, speed
of growth, and their ability to undergo a highly synchronous meiosis. It’s no surprise then, that
large scale examinations of meiosis have all utilized S. cerevisiae (Brar et al., 2012; Cheng
et al., 2018; Chu et al., 1998). Groundbreaking studies used microarray (Chu et al., 1998) and
ribosome profiling (Brar et al., 2012) techniques to provide a framework of the yeast meiotic pro-
gram from an mRNA and translational standpoint. These studies identified previously-unknown
recombination factors, revealed transcriptional dynamics, and demonstrated the immense or-
ganellar remodeling that takes place during meiosis. In the most recent wide-scale meiosis
study, the Brar group combined analysis of mRNA, ribosome profiling, and protein levels to cre-
ate an understanding of transcriptional and translation regulatory mechanisms in meiosis. They
were able to conclude that mRNA levels don’t necessarily correlate with protein levels, and tran-
scription factors (TFs) play highly diverse roles where single TFs can both activate and repress
transcription of separate sets of genes (Cheng et al., 2018). Prior studies have largely focused
on the whole of a cell during meiosis. However, there have been no studies done specifically
on where these expressed proteins localize during meiosis. Meiotic recombination is a series of
highly complex and coordinated assembly and disassembly events on the chromatin, especially
during prophase of meiosis I. To address the lack of global knowledge on the assembly and
disassembly of chromosomal complexes in meiotic prophase, we set out to create a protocol

that provided chromatin localization information specifically during meiosis | of S. cerevisiae.
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Specifically we set out to create a more specific tandem mass spectroscopy protocol to study
how protein complexes associate and disassociate with meiotic chromatin to orchestrate meiotic

recombination.

5.2 Results and Discussion

Method and Experimental Setup Summary

S. cerevisiae have an inherent advantage for this type of experiment due to their unique
ability to undergo a synchronous meiosis when cultured with a sporulation media. In order to
take advantage of this, | took samples every hour from 0-9 hours after addition of sporulation me-
dia. This 0-9 hour time point covers Prophase of Meiosis I, the phase when meiotic homologous
recombination occurs, as pictured in Figure 5-1a. Using hourly timepoints we were able to parse
out the timing of major events such as chromosome axis deposition, synaptonemal complex for-
mation, and the localization or other key meiotic recombination players. Meiotic cells were lysed
and separated out using a density gradient, the chromatin containing fractions were then striped
of their protein with a Urea elution. Samples, were cut with trypsin, timepoints labeled with TMT
tags, and pooled for quantitative comparison. For the deepest mass spectroscopy results possi-
ble, proteins were further separated into 40 fraction using a Basic Reverse Phased column, and
pooled for a final 20 fractions to shoot. By using a novel strategy of using a chromatin enriched
fraction, we were able to pickup key meiotic proteins in our sample that have been previously

unseen in other whole cell lysate meiotic time courses.
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Verification of Method through Cluster Analysis

In order to verify our method was capable of detecting meiosis-specific patterns amongst
the 3,265 proteins detected, we analyzed them via clustering (Figure 5-2a). Cluster analysis
compares patterns amoungst our 0-9h timepoints for each protein, and group proteins based
on the similarity of their abundance pattern. Importantly, we saw known meiotic partners clus-
ter together, such as chromosome axis components Hop1 and Rec8, which were immediately
adjacent to each other, and Red1 which was associated close by (Figure 5-2b). We also saw
the obligate heterodimeric partners Msh4 and Msh5 cluster directly adjacent to each other, as
well as components of the synapsis initiation complex, Spo16 and Spo22 (Figure 5-2c). In-
terestingly, synaptonemal complex components were clustered slightly further away, given we
saw Ecm11 appear to stay associated with the chromatin longer than Zip1(Figure5-2c). Impor-
tantly, by using chromatin enriched fractions and separating fraction with a BRP column, we
were able to detect meiosis specific proteins that were missing from whole cell lysate meiotic
proteomics experiments(Cheng et al., 2018). These proteins included but were not limited to,
Spo16 (the smaller component of the synapsis initiation complex), Xrs2 (a member of the MRX

recombination complex), and Rec107 (a member of the RMM recombination complex).

Verification of Method through known protein analysis

To further verify our method, | next examined well studied meiotic recombination pro-
teins. Specifically, proteins were broken up into four different well-studied meiotic classes: (1)
the chromosome axis; (2) the synaptonemal complex; (3) the synapsis initiation complex and
other ZMMs; and (4) downstream recombination factors. Amongst the chromosome axis pro-

teins (Hop1, Red1, and Rec8) Rec8 localized first, with Hop1 and Red1 localizing shortly af-
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ter. This is as expected, given that Rec8 is the meiosis-specific kleisin subunit of the cohesin
complex, which is deposited during pre-meiotic DNA replication and holds sister chromosomes
throughout meiosis. Overall, we see Hop1 and Rec8 sharing their peak at 3 hours, and Red1
peaking at 4 hours (Figure 5-3a) showing that the chromosome axis all assembles in close to
the same stage of meiosis, while also indicating a clear order of operations. The Hop1 trace
is very consistent with known western blot data for the protein (Ur et al., 2021; Wan et al.,
2004). Synaptonemal complex proteins (Zip1, Gmc2, and Ecm11) peak at 4-5 hours (Figure
5-3b), concurrent with the knowledge that the SC assembles after the chromosome axis. Vari-
ous recombination factors and again show the characteristic peak of 4-6 hours (Figure5-3c-d),

consistent with these proteins peaking during recombination of Meiosis I.

Application of Method to Knockout Strains

Lastly, we applied our new protocol to knockout strains to assay how individual proteins
can affect the structures present on the chromatin. Four timepoints were used, Oh, 3h, 6h,
and 9h to capture a range of processes throughout Prophase of Meiosis I. Wildtype was com-
pared to data of a dhop1 (Figure 5-4a-d) and a ondt80 strain (Figure 5-4e-h). When Hop1 is
deleted, there is still localization of Red1 at wildtype levels (Figure 5-4a), however, the synap-
tonemal complex protein Gmc2 and synapsis initiation protein Spo22 are both greatly reduced
during the peak of recombination activity (3h-6h) compared to wildtype (Figure 5-4b-c). Next we
looked at the deletion of ndt80, a transcription factor required for exit of Prophase 1 of meiosis.
Concurrent with an arrest at this stage, we see synaptonemal complex, synapsis initiation, and
recombination proteins all accumulating on the chromatin past when these structures should

have been disassembled in the wildtype (Figure 5-4f-h). Again this data confirms earlier pub-
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lished data showing that Ndt80 is required for complete recombination resulting in crossovers

and disassembly of the SC(Allers and Lichten, 2001; Xu et al., 1995).

Discussion

Taken together, these data show that | have generated a quantitative protocol capable
of tracking protein complexes on chromatin throughout Prophase | of meiosis. Our method
was able to identify 3,265 proteins in our chromatin enriched fraction. Although some of those
proteins were involved in more dense metabolic structures and not necessarily specific to mei-
otic chromatin, this method was sensitive enough to pick up lower abundance proteins Spo16,
Xrs2, and Rec107, known to be important for meiotic recombination, but previously unseen in
other meiotic proteomic studies. By closely examining clustered heatmaps, analysis of individ-
ual well-studied proteins, and through the deletion of previously characterized meiotic mutants
| was able to robustly validate this method as a way to identify chromatin-associated proteins
throughout the course of Prophase |. By applying this method to a variety of mutant and/or
deletion strains, future work will help shed light on the interconnectivity of various meiotic com-
ponents and broaden the global understanding of meiotic recombination mechanisms. Through
our preliminary deletion experiments, in the absence of Hop1 we saw a pronounced decrease
in the central element proteins Ecm11 and Gmc2 despite seeing no difference in the chro-
mosome axis protein Red1. These data show that Hop1 is a key regulator of synaptonemal
complex assembly, and hints that Red1 likely plays more of a structural role in meiosis. By
taking a proteomics approach to analyzing novel meiotic mutants, we can enhance our under-
standing of the interplay and dependencies of structural components such as the chromosome

axis and the synaptonemal complex, as well as less-abundant recombination factors. With this
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method, | have generated a spatio-temporal atlas of meiotic chromosome-associated proteins,
and outlined how various protein complexes assemble and disassemble from chromosomes to

orchestrate meiotic recombination.

5.3 Materials and Methods

Cell Growth and Sample Harvesting

S288c wildtype, Ahop1 or Andt80 yeast cells were grown to saturation in YPD for 16
hours, diluted into BYTA and grown overnight for pre-sporulation. Cells were then washed and
resuspended in Sporulation Media (0.3% KAc, 0.02% Raffinose) at an OD600 of 1.8. Timepoints
were taken every hour from 0h-9h for wildtype cells or at 0, 3, 6, and 9 hour for deletion strains.

Each hour, 10mL of cells were harvested, pelleted, and each pellet was washed.

Purification of Chromatin Enriched Fractions

Cell pellets from 10mL of sporulating culture at an OD600 of 1.6 ( 100uL) were resus-
pended in 1TmL pre-warmed Reducing Buffer (50mM PIPES pH 9.4, 10mM DTT) and incubated
at 30°C for 5 mins. Next, 1mL of pre-warmed Spheroplasting Solution (50mM Phosphate Buffer
pH 7.5, 1M Sorbitol, 10mM DTT) was added and cells were spheroplasted with the addition of
Lyticase and incubation for 30-60 minutes at 30°C. Spheroplasts were then spun at 2,500 rpm
for 5 mins at 4°C. Pelleted spheroplasts were resuspended in 1mL of ice-chilled Washing Buffer
(100mM KCI, 50mM HEPES pH 7.5, 1M Sorbitol) and spun at 2,500 rpm for 10 min at 4°C. The
washed spheroplast pellet was then resuspended in EB Buffer (50mM HEPES pH 7.5, 100mM

KCI, 5mM EDTA pH 8, PMSF, aprotinin, leupeptin, pepstatin). 10% Triton X-100 was added to

98



the resuspended spheroplasts to a final concentration of 0.5%, samples were then placed on
a nutating rocker for 5 mins at 4°C, and allowed to sit on ice for 10 minutes after for maximum
lysing. Next, lysate was gently layered a top a 30% Sucrose Solution (30% sucrose w/v, 50mM
Tris-HCI pH 8, 100mM KCI) and spun at 13,000 rpm for 15 minutes at 4°C. From this density
separation, the chromatin containing pellet was kept. Proteins were eluted off of the chromatin
in a Chromatin Elution Buffer (8M Urea, 200mM Kcl, and 100mM Phosphate Buffer pH8) with

DTT added fresh to a final concentration of 10mM.

Preparation of Samples for Mass Spectroscopy

Immediately after the addition of Chromatin Elution Buffer, samples were sonicated, in-
cubated at 55°C for 15 mins, sonicated again, and incubated again at 55°C for 5 mins. Sam-
ples were centrifuged, supernatant harvested, and alkylated with 2-iodacetimide at 30mM, 3x
the DTT concentration. Samples were then quantified via Bradford, and either frozen down or
200ug of protein was diluted with 25mM Phosphate Buffer pH8 to a Urea concentration of 1.5M
and cut overnight at 37°C with 2 ug trypsin (Promega). The next day, samples were acidified
with TFA at a final concentration of 0.5%. Digested samples were loaded onto and desalted
using a C18 Sep-Pak cartridge (Waters) , and eluted off with a solution containing 80% acetoni-
trile and 0.1% acetic acid. Samples were dried down using a speed vac, resuspended in 25mM
Phosphate Buffer pH8 and labeled overnight with Thermo Scientific TMT10plex labels (TMT10-
127N, TMT10-128C, TMT10-129N, or TMT10-130C). Although the Thermo Fisher Scientific
Orbitrap Fusion LUMOS Tribrid mass spectrometer is capable of reading 10 different tandem
mass tags, the 4 with the largest differences amongst them were chosen to ensure accuracy

and depth of peptide reads. Due to this, for the large 0-9 hour timepoint study, that meant having
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one consistent sample across 3 different mass spectroscopy experiments for normalization. We
chose to keep the 3 hour sample constant across experiments, as it is the beginning of peak
expression of recombination master regulator Hop1. Samples pooled together were Oh, 1h, 2h,
3h for run 1, 3h, 4h, 5h, 6h for run 2, and 3h, 7h, 8h, 9h for run 3. By keeping 3h constant,
we were able to normalize all time points to that sample for analysis, and maintain quantitative
ratios. Equal amounts of each of the 4 tagged samples were pooled, run over another C18
column, lyophilized and this time resuspended in 10mM Ammonium Bicarbonate. To create the
deepest possible read counts, pooled samples were then fractionated into 40 fractions using a
Basic Reverse Phased column. Two fraction samples were then pooled with the furthest sample
from them (ie 1 and 21, 2 and 22) to create 20 samples total for analysis on the Orbitrap Mass

Spectrometer.

Analysis of Mass Spectroscopy

Datasets from the Thermo Fisher Scientific Orbitrap Fusion LUMOS Tribrid were com-
pared against a database of all known s288c proteins and peptide counts were identified and
quantified using the Trans-Proteomic Pipeline (TPP) software. Specifically, the COMET peptide
search engine was used in the TPP software to identify peptides, results were then quantified
using the TMT capabilities of the Libra software tool. In order to assure accuracy data were
filtered as follows: only proteins with 3 or more peptides were included, the cutoff score for pep-
tide identification probability was set to 0.9, and the spectral intensity cutoff was greater than
1000. As mentioned in the preparation for mass spec section, samples for the 0-9h study were
normalized to the 3 hour timepoint. From here, cluster analysis was performed and heat maps

generated by inputting the normalized spreadsheet into the Heatmaply package, built in R.
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Figure 5.1: Creation of a Novel Protocol to Assay Chromatin Associated Meiotic Proteins.
Cell lysates were created from cultures 0-9 hours after meiotic induction. From these lysates a
chromatin enriched fraction was prepared through density centrifugation, and proteins eluted off
using urea. Samples were then cut, labeled using TMT, pooled, fractionated on a basic reverse
phase column, and analyzed using mass spec.
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Figure 5.2: Cluster Analysis of Temporal Localization Of Meiotic Recombination Compo-
nents a. Cluster analysis of timepoints 0-9 hours of chromosome enriched fractions of SK1
yeast cells undergoing meiosis. Boxed section are magnified in Figure5-2b-c. b.Magnified sec-
tion that shows clustering of the components of the chromosome axis (bolded in orange) and
early recombination factors (bolded in pink). This cluster also shows kinetochore binding protein
SLK19 and secruin, PDS1. ¢ Cluster analysis shows late recombination factors such as synap-
sis initiation complec (blue) and the synaptonemal complex proteins (green) group together
along with some early recombination factors (grey).
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Figure 5.3: Individual Analysis of Temporal Localization of Meiotic Recombination Com-
ponents. a. Chromosome axis components track together and assemble early in yeast meiosis.
Featured proteins include the yeast meiotic HORMAD, Hop1, the chromosome axis core protein
Red1, and the meiotic cohesion component Rec8. b. Synaptonemal complex (SC) components
assemble onto chromatin 1-2 hours after the chromosome axis begins to localize. SC proteins
featured here are the lateral element protein Zip1 and the central element proteins Ecm11 and
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Figure 5.4: Deletion of Key Meiotic Components. Individual graphs of the effects of the
Ahop1 (a-d) and Andt80 (e-h) strains. Data shown were normalized to each other for com-
parison, units are arbitrary. a. No effect is seen on Red1 deposition, which is to be expected
as we know Red1 localizes independently of Hop1. b. SC central element component Gmc2
is decreased during its peak deposition time. A similar trend was seen with Ecm11, Gmc2’s
known counter part. ¢. The Ahop1 strain shows a decrease in the synapsis initiation compo-
nent Spo22, similar to the trend seen with Gmc2. d. An increase is shown at the 3h timepoint for
recombination and synapsis protein Zip3. e. Chromosome axis HORMAD protein Hop1 is unaf-
fected in the mutant. f. SC central element component Gmc2 does not disassemble, consistent
with a pachytene arrest caused by Andt80. g.: Synapsis initiation complex protein Spo22 also
shows lack of disassembly consistent with check point arrest. h. Recombination and synapsis
protein Zip3 shows an increase in accumulation at check point arrest.
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