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Résumé

En prophase I de méiose, a lieu le phénomene de recombinaison génétique qui
peut mener a la formation de crossing-over entre deux chromosomes homologues. Ce
phénomeéne est essentiel pour permettre une ségrégation correcte des chromosomes
homologues en fin d’anaphase [ de méiose.

Le phénomene de recombinaison génétique est initié par une coupure double brin
de 'ADN médiée, chez S. cerevisiae, par la protéine Spol1. Cependant, ce phénomene
requiert également la présence de 9 autres protéines réparties en trois complexes : Le
core complexe (qui contient I'unité catalytique Spo11), le complexe MRX et le complexe
RMM (composé de Rec114, Mei4 et de Mer2). Il a été montré in vivo et in vitro que les
protéines du complexe RMM forment des condensés en présence d’ADN. Ce phénomene
se réfere a de la séparation de phase. Il est supposé que ce complexe jouerait le role de
plateforme qui recruterait les 7 autres protéines essentielles a I'’endroit ou se produisent
les coupures double brin de ’ADN.

Dans ce mémoire, I'objectif est d’étudier la conservation au sein de I’évolution de
la structure et de la fonction de liaison a 'ADN in vitro des protéines orthologues au
complexe RMM de S. cerevisiae. Ces protéines ne pouvant pas se purifier ensemble, I'étude
est divisée en deux parties distinctes: Une partie sur les complexes orthologues a
Rec114-Mei4 ou les complexe de souris (REC114-MEI4), de S. pombe (Rec7-Rec24), d’A.
thaliana (PHS1-PRD2) et du mais (PHS1-MPS1) seront étudiés et une autre sur les
orthologues de Mer2 ou la protéine de souris (IHO1), de S. pombe (Rec15), d’A. thaliana
(PRD3), du mais (PAIR1) et de S. macrospora (ASY2) seront étudiées.

En effet, malgré la grande différence des séquences en acides aminés entre ces
protéines orthologues, la structure prédite par AlphaFold est assez similaire. Ces
modeles du complexe formé par des orthologues de Recl114 et de Mei4, avec une
steechiométrie 2 :1 respectivement, vont étre vérifiés par une mutagenese suivie d’'un
Pulldown afin d’identifier des acides aminés importants dans les interactions protéiques
entre la partie C-terminale de Rec114 et la partie N-terminale de Mei4. Concernant les
orthologues de Mer2, seule la structure des parties des protéines formant un « coiled-
coil domain » va étre étudiée par SEC-MALS, SAXS et XL-MS, afin de voir si la structure
homotétramérique et parallele de Mer2 est conservée.

Afin d’étudier la fonction de liaison a 'ADN de ces protéines, des EMSA sont
réalisées sur les complexes minimaux et les « coiled-coil domain » des protéines étudiées.
En effet, chez S. cerevisiae, ces protéines se lient in vitro al’ADN et la conservation de cette
activité est étudiée dans ce mémoire.






Abstract

In prophase I of meiosis, the phenomenon of genetic recombination takes place,
which can lead to the formation of crossovers between two homologous chromosomes.
This phenomenon is essential for the correct segregation of homologous chromosomes
at the end of anaphase I of meiosis.

Genetic recombination is initiated by a DNA double-strand break mediated, in S.
cerevisiae, by the Spol1 protein. However, this phenomenon also requires the presence
of 9 other proteins divided into three complexes: The core complex (which contains the
Spo1l1 catalytic unit), the MRX complex and the RMM complex (composed of Rec114,
Mei4 and Mer2). It has been shown in vivo and in vitro that the proteins of the RMM
complex form condensates in the presence of DNA. This phenomenon is referred to as
phase separation. Itis hypothesized that this complex acts as a platform that recruits the
7 other essential proteins to the site where DNA double-strand breaks occur.

The aim of this master thesis is to study the conservation of the structure and DNA-
binding function of the S. cerevisiae RMM complex orthologs throughout evolution. As
these proteins cannot be purified together, the study is divided into two distinct parts: A
part on the Rec114-Mei4 orthologs where the complexes from mice (REC114-MEI4), S.
pombe (Rec7-Rec24), A. thaliana (PHS1-PRD2) and Z. mays (PHS1-MPS1) will be studied
and another on Mer2 orthologs where the protein from mouse (IHO1), S. pombe (Rec15),
A. thaliana (PRD3), Z. mays (PAIR1) and S. macrospora (ASYZ2) will be studied.

Despite the large difference in amino acid sequences between these orthologous
proteins, the structure predicted by AlphaFold is quite similar. These models of the
complex formed by orthologs of Rec114 and Mei4, with a 2:1 stoichiometry respectively,
will be verified by mutagenesis followed by a Pulldown in order to identify the amino
acids important in the protein interactions between the C-terminal part of Rec114 and
the N-terminal part of Mei4. Concerning the Mer2 orthologs, only the structure of the
parts of the proteins forming a coiled-coil domain will be studied by SEC-MALS, SAXS and
XL-MS, to see whether the homotetrameric and parallel structure of Mer2 is conserved.

In order to study the DNA-binding function of these proteins, EMSAs were carried
out on the minimal complexes and coiled-coil domains of the proteins studied. In S.
cerevisiae, these proteins bind DNA in vitro and the conservation of this activity is studied
in this work.
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l. ACronyms
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Il. Infroduction

In this master thesis, we will investigate the evolutionary conservation of
structure and function of Saccharomyces cerevisiae proteins involved in DNA double-
strand breaks during meiosis prophase L.

1. The main stages of meiosis

To form a diploid (2n chromosomes) individual through fertilization, the
production of haploid (n chromosomes) gametes by parental cells is required via a
process called meiosis. During meiosis, the genetic material of the parent cell undergoes
a phase of DNA replication followed by two successive divisions that will lead to the
formation of 4 haploid gametes. Each of these divisions is composed of four different
stages: prophase, metaphase, anaphase, and telophase (Figure 1) (Page and Hawley
2003).

Prophase | Metaphase | Anaphase | Telophase |

Telophase Il Anaphase ||

Figure 1: Meiosis phases. General scheme of meiosis for a eukaryotic cell with two pairs of chromosomes
leading to the formation of four gametes with a single copy of each chromosome.



1.1 Interphase I

Also known as S-Phase, preprophase is a stage during which the cells genetic
material will replicate, which will lead to the formation of two identical copies of each
chromosome, linked together via a centromere to form a chromosome with two sister
chromatids ( Zickler and Kleckner 1998).

1.2 First meiotic division

The first meiotic division is called "reductional". Indeed, the number of
chromosomes will decrease by half. It is also during this first division that genetic
recombination takes place ( Kleckner 1996).

1.2.1 Prophase I

This phase of meiosis is the longest and consists of five different chromosome
stages: leptotene, zygotene, pachytene, diplotene and diacinese (Figure 2).
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- M . T R
T ’ o o
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Biorientation

Desynapsis

— == |—| ===

Diacinese Diplotene
and
metaphase

Figure 2: Stages of prophase I of meiosis. Diagram showing the chromosomal aspects of a single pair of
homologous chromosomes (orange and grey lines) of the different stages of prophase I of meiosis including
leptotene, zygotene, pachytene, diplotene and diacinese. Black rings indicate cohesion complexes connecting
the sister chromatids. The synaptonemal complex is indicated by the triple-dashed line located between the

homologs (inspired by Hunter 2015).



Leptotene

Chromosomes individualize as filaments attached via their ends to the nuclear
membrane and begin to condense. In addition, it is in this stage that the programmed
DNA double strand breaks occur (DSBs), this is the first step of the genetic recombination
(Zickler and Kleckner 2015).

Zygotene

At this stage, each chromosome is searching for its homologue and it will allow
them to be paired "gene to gene" to form a bivalent. This pairing is also called synapsis
and the synaptonemal complex (SC) is formed. The SC is formed when the two
homologous chromosomes are connected by intermediate filaments (Zickler and
Kleckner 2015).

Pachytene

This stage marks the end of homologous chromosome pairing. It is during the end
of this stage that crossovers (CO) occur between the chromatids of two homologous
chromosomes (Hunter 2015). CO are an exchange of genetic material between two
homologous chromosomes.

Diplotene

During this stage, the divalents separate and only remain attached to each other
through crossovers (chiasms) (Hunter 2015).

Diacinese

Chromosomes are associated end-to-end and they undergo a final stage of
condensation. This step marks the end of prophase I (Pawlowski and Cande 2005).

1.2.2 Metaphase I

Pairs of homologous chromosomes are arranged along the equatorial plate and
are held together by the mitotic spindle at the kinetochores. The homologous
chromosomes are held together by the chiasmata. Each of the bivalent chromosomes is
connected to one of the spindle poles ( Kleckner 1996; Page and Hawley 2003).



1.2.3 Anaphase |

Chiasms are broken, the homologous chromosomes are separated at the different
poles of the cell. It is during this stage that the random distribution of homologous
chromosomes occurs so that haploid gametes can be formed (Kleckner 1996; Page and
Hawley 2003).

1.2.4 Telophase I

Formation of 2 distinct cells with n chromosomes. In each cell, there is only one
chromosome from the homologous chromosome pair.

1.3 Second meiotic division

The second meiotic division is called "equational”. This division is similar to a
mitotic division except that it is not preceded by a DNA replication phase. At the end of
telophase II, four gametes with n chromosomes are produced, each cell has one of the two
chromatids of each chromosome present at the end of telophase I (O’Connor 2008).

2. Crossing-over (CO) and genetic recombination

A crossing-over is an exchange of genetic material between two homologous
chromosomes. The main purpose of these exchanges is to increase genetic diversity, but
also to associate homologous chromosomes in pairs and allow their proper segregation
atthe end of meiosis I (Zickler and Kleckner 2015; Wilkins and Holliday 2009; Petronczki,
Siomos, and Nasmyth 2003).

Crossovers are initiated by DNA double-strand breaks (DSBs) followed by
homologous recombination, which consists of copying the genetic information of an
intact template. These DSBs are carried out by the conserved topoisomerase-like protein
Spo1l1 (Bergerat et al. 1997; Lam and Keeney 2015; Keeney, Giroux, and Kleckner 1997).
There are hundreds of DSBs per meiosis in mice and yeast. It should be noted that not all
of these DNA double-strand breaks result in crossovers. They may be repaired and lead
to non-crossovers (Yadav and Claeys Bouuaert 2021; Martini et al. 2006).



In Saccharomyces cerevisiae, Spo11 is recruited at the chromosome level and after
the DNA cut, Spo11 will remain covalently attached to the 5' ends of the cut DNA. Next,
the MRX and Sae2 proteins will release Spol1l and an oligonucleotide by cutting the
single-stranded DNA. The remaining 5' end of each strand will be removed by the activity
of an exonuclease (Exo1) to leave a single strand of DNA that will be surrounded by RPA
proteins that prevents single-stranded DNA from binding to itself. These RPA proteins
will be replaced by the Rad51 and Dmc1 proteins which will seek an intact template
similar to the damaged one. This template will be found in the homologous chromosome.
Depending on how the DNA is copied, crossovers may or may not be observed (Figure 3)
(Yadav and Claeys Bouuaert 2021; Bee et al. 2013).

i MRX/Sae2
%ﬂ=

N
r

ZMM-dependent Synthesis-dependent
crossover pathway strand annealing

Crossover Noncrossover

Figure 3: Overview of the mechanism of crossover formation. Overview of crossover formation or
noncrossover by synthesis-dependent strand annealing from a Spol1-catalyzed DNA double-strand break
(Yadav and Claeys Bouuaert 2021 ).

The frequency of these crossovers depends on several factors such as distance of
the sequences from the centromere. A region close to the centromere is less likely to
undergo a crossover. It has been shown that COs occur at different positions in the
chromosomes in different meiotic nuclei. However, COs tend to be spaced apart from each
other. Indeed, if a CO takes up a position on one of the chromosomes, the probability of
having a CO close (physically) to it is reduced. This phenomenon is called CO interference
(Zickler and Kleckner 2015; Fowler et al. 2018).



The appearance of DSBs is highly regulated because they are not randomly
distributed in the genome of the organisms. DSBs are concentrated in regions of the
genome called hotspots and are separated by regions called cold spots, which have a low
frequency of DSBs (Zhu and Keeney 2015). Hotspots are often AT-rich and are flanked by
sequences enriched in methylated histone: H3 lysine 4 trimethylation (Borde et al. 2009).
In addition, a constant number of DSBs were observed in the cells. For example, in S.
cerevisiae, only 150 to 200 DSBs occur in the entire genome (Zhu and Keeney 2015).

3. The structure of the DNA during prophase I

In prophase I of meiosis, the DNA takes on a particular three-dimensional
structure that allow the genetic recombination to take place (Figure 4).

Homologous
chromosomes

Sister
chromatids

DSB

formation

Meiotic progression

Recombination

SC
disassembly

Axes Crossover

Figure 4: DNA organization in the prophase. Schema of the DNA organization in prophase I of meiosis.
From the beginning of prophase, the chromosomes are organized to create loops anchored in a nucleoprotein
axis. DSBs arrive in these loops, which are captured at the axis by certain proteins to allow Spo11, located at
the axis, to cut the DNA. Next, the synaptonemal complex is formed by connecting the two homologous
chromosomes to allow recombination to take place. The synaptonemal complex then disassembles when the
genetic recombinations are complete and the chromosomes remain attached by the crossovers (Yadav and
Claeys Bouuaert 2021).

Indeed, chromosomes are organized into a series of loops that are anchored along
their length to an axis formed by structural proteins (Lam and Keeney 2014; Kleckner
2006). The components of the structural protein axis include condensins, cohesins and
cohesin-associated proteins and a series of meiosis-specific proteins (Red1, Hop1...) and
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its structure is evolutionarily conserved. These axis proteins recruit the machinery
responsible for the formation of DSBs, the first step of a genetic recombination. However,
the DSBs occur in theses loops. Therefore, it is suggested that the loops are tethered to
the nucleoprotein axe to allow the DNA to be cut. During the zygotene stage of meiosis
prophase I, the synaptonemal complex (SC) is formed. The SC is formed when the
nucleoprotein axes of the two homologous chromosomes are connected by intermediate
filaments (Zickler and Kleckner 1999). The SC has several roles that have been identified
such as stabilizing the structure of chromosomes around future crossover sites to allow
the recombination to take place. When recombinations are complete, the SC disassembles
and the homologous chromosomes are held together only by their crossovers until
anaphase I (Figure 4) (Yadav and Claeys Bouuaert 2021).

4. DNA Double-Strand Break (DSB) proteins

In S. cerevisiae, it has been shown that DNA double-strand breaks are formed by
Spol1 and 9 other proteins subdivided in tree complex of proteins: the Core complex,
containing Spol1, the MRX complex and the RMM complex. Other proteins are also
important but if the expression of one of these 10 proteins is suppressed, no more DSBs
are observed which lead to a sporulation defect due to a mis-segregation of chromosomes
in meiosis | (Lam and Keeney 2014). However, not all of these proteins in amino acid
sequence are well conserved in evolution which made their identification complicated.

4.1 The core complex

The core complex is a complex formed by the proteins Spo11, Ski8, Rec102 and
Rec104. These proteins are meiosis specific except Ski8 (Anderson and Parker 1998).
These proteins interact with each other to form a stoichiometric complex (1:1:1:1). It is
assumed that this complex dimerizes as a dimer of tetramers in presence of DNA, but this
has not yet been biochemically proven (Figure 5) (Claeys Bouuaert, Tischfield, et al
2021).

The catalytic unit Spoll evolved from the catalytic subunit of a type II B
topoisomerase, Topo VI. Rec102 and Rec 104 have been shown to play an important role
by interacting with the RMM proteins (in particular with the Rec114 protein) which will
lead to the recruitment of the core complex to the chromosome axis (Maleki et al. 2007)
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Figure 5: Core complex representation. Cartoon showing the core complex in S. cerevisiae. This core complex
is formed by Rec104, Rec102, Spo11 and Ski8. It has been shown that this complex binds to two DNA molecules
in order to cut both strands of one of these molecules and to remain covalently bound to the 5' ends of the DNA
molecule (Yadav and Claeys Bouuaert 2021).

4.2 The MRX complex

The MRX complex consists of the proteins Xrs2, Mrell and Rad50 and has a
stoichiometry 2:2:2. These proteins play a role in DSB formation, in the recognition of
DSBs, activation of the DNA-damage checkpoint and telomere maintenance. They also
play a role in the repair of double-strand breaks by resecting DNA ends covalently bound
to Spo11(Steiner, Kohli, and Ludin 2010; Gniigge and Symington 2017). The Rad50 and
Mrel1l proteins dimerize to form the complex shown in Figure 6.

Mrel1l has 5'-end directed endonuclease and 3'-5' exonuclease activity. Rad50 is
an ATPase, which by hydrolysis of ATP, makes the active site of Mrel1 available to bind
to DNA and cleave it by dissociating the Rad50 dimer (Gobbini et al. 2016). This has the
effect of, as we have seen in Figure 3, releasing a single-stranded DNA oligo bound to
Spo1l.

Rad50
Sae2
Mre11 {
Xrs2 ¢
DNA binding End resection

End tethering
Figure 6: Representation of the MRX complex. Cartoon of the structural arrangement of the MRX complex

before and after ATP hydrolysis by Rad50. Before ATP hydrolysis, the complex can bind to DNA and after
hydrolysis, the exonuclease activity of Mrel can access the DNA (Yadav and Claeys Bouuaert 2021).

The recruitment of Mrell to the nucleoprotein axis where chromosomes are
anchored requires all other DSBs, suggesting that this complex is the last to be recruited
to the axis. One hypothesis is that its recruitment is necessary to activate Spo11 (Borde
et al. 2004).
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4.3 The RMM complex

This complex of proteins comprises two subcomplexes: one formed by Rec114-
Mei4 and another formed by Mer2. The proteins Rec114 and Mei4 are specifically
expressed during meiosis, while Mer?2 is also expressed at a low level in vegetative cells,
its expression is different during meiosis due to an intron that is only spliced with the
help of meiosis-specific transcription factors (Engebrecht, Voelkel-Meiman, and Roeder
1991).

It was demonstrated in vivo by fluorescent signal co-localization experiments that
the signals obtained for Rec114, Mei4 and Mer2 overlap. Co-immunoprecipitation
experiments using meiotic cells also confirmed the fact that these proteins form a
complex (J. Li, Hooker, and Roeder 2006; Maleki et al. 2007; Steiner, Kohli, and Ludin
2010). However, it has been shown than these three proteins cannot be purified together
in vitro. It was demonstrated recently that only Rec114 and Mei4 can be copurified and it
has been shown recently to form a 2:1 heterotrimer with two Rec114 and one Mei4. A
yeast two hybrid experiment also showed that the N-terminal part of Mei4 is required for
interaction with Rec114 (Maleki et al. 2007) and a XL-MS experiment showed that the C-
terminal part of Rec114 interact with the N-terminal part of Mei4 (Figure 11). Mer2 has
been shown to form a homotetrameric complex (Claeys Bouuaert, Tischfield, et al. 2021).

In fact, their mutual dependencies are not complete, suggesting that they could
exist independently. Mer2 can bind to chromosomes even in the absence of Rec114 and
Mei4. Recl114 can bind to chromosomes in the absence of Mei4, but the reverse
relationship is not clear (J. Li, Hooker, and Roeder 2006; Maleki et al. 2007). Moreover, it
has been shown that the phosphorylation of Mer2 is essential for the recruitment of
Rec114 on the chromosomes (Panizza et al. 2011).

With regard to the binding of these proteins to DNA, in vitro, each sub-complexes
have been shown to bind to DNA in a highly cooperative manner leading to an assembly
of a structure comprising hundreds of proteins, referred to as a condensate. Indeed,
atomic force microscopy (AFM) imaging, reveals the formation of clusters of proteins that
form cooperatively in the presence of plasmid DNA (Figure 7). In vitro, fluorescence
microscopy analyses show that Rec114-Mei4 and Mer2 complexes overlap to form mixed
condensates (Claeys Bouuaert, Pu, et al. 2021).
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Figure 7: Condensation of RMM proteins. AFM image showing in vitro condensation in the presence of
Rec114-Mei4 complex (12 nM) in the presence of plasmid DNA (1 nM) (left) and in the presence of Mer2 (50
nM) and plasmid DNA (1 nM) (right) (Claeys Bouuaert, Pu, et al. 2021).

The condensation of RMM proteins is thought to be induced by phase separation.
This phenomenon leads to the formation of sub-cellular compartments that facilitate
various biochemical reactions through local enrichment of specific biomolecules.
Condensates are typically dynamic and can assemble and disassemble in a reversible
way. Phase separation is driven by a physical process of supersaturation of a component
that leads to the spontaneous formation of two distinct phases. Indeed, the interaction
between these proteins is more thermodynamically favorable than the interaction
between these proteins and the solvent in which they are found (So, Cheng, and Schuh
2021; Boeynaems et al. 2018). These condensates are formed by weak multivalent
interactions between proteins and may also involve nucleic acids. These multivalent
interactions may be due to folded proteins showing well-defined and/or flexible
interaction sites or to the intrinsic disordered parts of the proteins (Boeynaems et al.
2018).

Based on this condensation phenomenon, our laboratory proposed that the
function of the RMM complex in the formation of DSBs is to assemble the machinery
necessary for double strand breaks along the meiotic chromosome axis.

The DSB proteins are connected through each other through an intricate
interaction network (Arora et al. 2004). The Mer2 protein, when phosphorylated by a
cyclin-dependent kinase (CDK) and by a Dbf4-dependent kinase (DDK), interacts with
Rec114 and can associate with Spo11 and allow the formation of DSBs (Maleki et al. 2007;
Henderson et al. 2006). It has also been shown in vivo that Rec114 and Mei4 interact with
Rec102 and Rec104, proteins of the core complex. It is known that it is the N-terminal
part of Rec114 (known as the Pleckstrin Homology (PH domain)) interacts with Rec102
and Rec104 and thus linking the RMM complex with the core complex (Claeys Bouuaert,
Pu, et al. 2021). Mer2 also interacts with Xrs2, a protein belonging to the MRX complex.
Moreover, Mer?2 is recruited to the nucleoprotein axis by Hop1 and Red1 (composing the
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nucleoproteic axis) but it is not known whether this is via a direct physical interaction
(Lam and Keeney 2014).

The hotspots where DSBs frequently occur are often associated, in S. cerevisiae,
with histones methylated regions (H3 lysine 4 trimethylate (H3K4 me 2/3)). However,
these H3K4 me2/3 are present in the chromosomal loop formed during prophase I. These
histones are captured by the Spp1 protein, which in turn interacts with Mer2, located at
the level of the chromosomal axis. The tethered loop axis model suggest that Spp1-Mer2
interaction is a key point in capturing the loop and bringing it close to the axis, near
Spo11, the catalytic unit, so that the DNA can be cut (Figure 8 and 9) (Acquaviva et al.
2013).

H3Kame2/3

Figure 8: Interaction between the RMM complex and other proteins. Diagram showing the interactions
between proteins of the S. cerevisiae RMM complex and other proteins (inspired from Lam and Keeney 2014).

This information taken together (Figure 8) leads to the following structural model:
The condensate formed by the RMM complex recruits all the other proteins necessary for
DSB formation at the nucleoprotein axis. This complex also indirectly tethers the loop to
the chromosome axis to allow the DNA to be cut by Spo11 (Figure 9) (Yadav and Claeys
Bouuaert 2021).

H3K4me3

Promoter

Gene

Loop

DSB
Proteins

Axis

Figure 9: Capture of the loop by Spp1. Representation of the capture of a chromosomal loop by the Spp1
protein in order to allow the catalytic unit, Spo11, present in the nucleoprotein axis to cut the double-stranded
DNA. Spp1 is recruited by MerZ2 (Yadav and Claeys Bouuaert 2021).
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4.3.1 Characterization of the structure of the Rec114-Mei4 complex

Rec114 is a 428 amino acid protein (accession number P32841) with a molecular
weight of 48.7 kDa and is a highly disordered protein which makes it impossible to
perform crystallography on this protein. Rec114 is highly divergent between species, but
regions with recognizable sequence similarities (referred to as signature sequence
motifs, SSM) can be identified. Rec114 has 6 SSMs in the N-terminal part domain and one
in the C-terminal domain (Kumar, Bourbon, and de Massy 2010). The N-terminal part of
mouse REC114 was crystallized and showed that it forms a Pleckstrin Homology (PH)
domain, with a N-terminal a-helix sandwiched between two antiparallel 3-sheets (Kumar
et al. 2018). The PH domain of mouse REC114 is important for interaction with other
proteins (ANKRD31 (protein essential for the formation of DSB in mice), TOPVIBL
(SPO11-associated protein), and I[HO1 (Mer2 ortholog))(Boekhout et al. 2019; Xu et al.
2023; Nore et al. 2022; Laroussi et al. 2023). Based on AlphaFold predictions, this
structural fold seems to be conserved in yeast (Daccache et al. 2022).

Mei4 is a 408 amino acid protein (accession number P29467) with a molecular
weight of 48.2 kDa. This protein is highly ordered and contains 6 SSMs (Kumar, Bourbon,
and de Massy 2010). The AlphaFold representation of this protein shows 19 a-helices
that form a HEAT-repeat like fold (Daccache et al. 2022).

The 2:1 heterotrimeric stoichiometry of Rec114-Mei4 has been confirmed with
multiple methods, including Size-Exclusion Chromatography with Multi-Angle Light
Scattering (SEC-MALS). This technique allows accurate measurement of molecular
weights using a triple light-scattering detector at the outlet of the column. SEC-MALS
analysis revealed a molecular weight for the complex of 114 kDa, similar to the
theoretical value of 145.6 kDa (Claeys Bouuaert, Pu, et al. 2021).

The two Rec114 stoichiometry for one Mei4 can also be confirmed by the intensity
of the Coomassie-stained blue on the gel from the untagged complex purification (Figure
10) (Claeys Bouuaert, Pu, et al. 2021).
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Figure 10 : Rec114-Mei4 complex purification. SDS-PAGE gel showing purification of the Rec114-Mei4
complex, stained with Coomassie Blue (Claeys Bouuaert, Pu, et al. 2021).

A spectral count of a mass spectrometry analysis (LC-MS/MS) of the purified and
trypsin digested complex also confirmed a 2:1 ratio (Claeys Bouuaert, Pu, et al. 2021).
14



Furthermore, crosslinking followed by mass spectrometry (XL-MS) using a
crosslinking agent (DSS) binding spatially close lysines showed crosslinks between the
C-terminal part of Rec114 and the N-terminal part of Mei4. In addition, intermolecular
self-links (i.e. crosslinks of identical residues) at the C-terminal part of Rec114 suggest
that this domain homo-dimerizes (Figure 11).

Rec114 [ II
1

Figure 11: XL-MS results on the Rec114-Mei4 complex. Representation of the crosslinks observed between
Rec114 and Mei4 following XL-MS analysis with in red the crosslink between Rec114 residues, in magenta the
crosslink between Rec114 and Mei4, in blue the crosslink between Mei4 residues and in black the crosslink
between identical lysines (self-links) (Claeys Bouuaert, Pu, et al. 2021).

The XL-MS analysis identified the interaction domain between Rec114 and Mei4.
Co-expression of the Recl114 C-terminus (residues 375-428) and Mei4 N-terminus
(residues 1-43) confirmed that these domains are sufficient to assemble heterotrimeric
complex, referred to as the minimal complex. AlphaFold prediction suggests that the
minimal complex forms a unique asymmetrical structure with an N-terminal a-helix from
Mei4 inserted into a dimeric ring made up of a-helices from the C-terminal part of Rec114
(Figure 12).

Figure 12: Representation of the Rec114-Mei4 complex. On the left of the picture, schematic of the complex
formed by two Rec114 and one Mei4. The C-terminal parts of Rec114 interacting with the N-terminal part of

Mei4. On the right-hand side of the image, the AlphaFold representation of the trimeric Rec114-Mei4 minimal

complex, with Mei4 in blue and Rec114 in beige. The amino acid shown in red is phenylalanine F411, an essential

amino acid in the protein-protein interaction of this complex.
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Experiments on this minimal part of this complex were carried out (Daccache et
al. 2022). A thermal-shift analysis showed that Mei4 stabilizes Rec114. In addition, the
AlphaFold model was validated by NMR spectroscopy.

In addition, the model was confirmed by previous results showing that by
mutating the phenylalanine F411 of Rec114 (shown in red in Figure 12) to alanine, and
performing a Pulldown experiment, the protein interaction between Rec114 and MEI4
was abolished. Furthermore, the expression of this protein instead of Rec114 WT
inhibited the formation of in vivo foci of Rec114 and DSBs, and led to spore death (Claeys
Bouuaert, Pu, et al. 2021). These experiments validate the model because the
phenylalanine F411 of Recl14 points towards Mei4. In addition, amino acids
substitutions of K405, E416 of Rec114 and residues E16 and D18 of Mei4 to alanine
lowers the aggregation temperature of the complex, indicating that the residues stabilize
this complex (Daccache et al. 2022).

4.3.2 DNA binding function of the Rec114-Mei4 complex

In order to understand the condensation phenomenon observed with RMM
proteins and DNA, several experiments were conducted to characterize the DNA binding
properties of this complex in vitro.

Electrophoretic mobility shift assays (EMSA) were realized to show a DNA binding
function of this complex in vitro and that measured a binding activity of the minimal
Rec114-Mei4 complex by the appearance of complexes that cannot enter the gel (Figure
13).

It has also been shown that the minimal Recl114-Mei4 complex binds
preferentially to a Holliday junction (HJ) type DNA branching structure. This suggests
multiple binding sites in the complex that collaborate to form a stable nucleoprotein
complex (Figure 13) (Daccache et al. 2022). This was expected based on the condensation
activity of the complex, which is presumably driven by multivalent protein-DNA
interactions (Claeys Bouuaert, Pu, et al. 2021).

S Minimal trimeric complex
£g ,
% g HJ dsDNA Competitor dsDNA
29w oW o Fold excess 1 L
2239838839838 competior % H
o B - Wells

HJ “
0 y
0 10 20 30 40 50

Bound substrate (%)
(o))
o

H HUHHH’ H ‘“HH—Unbound HJ

Figure 13: DNA binding by the minimal part of Rec114-Mei4 complex. Competition assay of the minimal
parts of Rec114-Mei4 complex (200 nM) binding to a fluorescent HJ substrate (10 nM) in the presence of
unlabeled HJ substrates or dsDNA. Error bars are ranges from 2 independent experiments (most are too small
to be visible) (modified from Daccache et al. 2022). 16



Mutation of the amino acids R395, K396, K399 and R400 of Rec114 inhibits the
interaction of the complex with DNA in vitro and inhibit DSB formation in vivo. When
observing the location of these positively-charged amino acids, they arrange themselves
into two separate patches that extend outward from the complex in opposite directions
(Figure 14). This incidates that a single B-form DNA molecule could not simultaneously
occupy its two binding sites (Daccache et al. 2022).

Figure 14: AlphaFold representation of the minimal complex of RM. AlphaFold representation of the
minimal complex formed by two Rec114 in beige and Mei4 in blue with two different DNA molecules. In red
are the residues R395, K396, K399 and R400 of Rec114 (Daccache et al. 2022).
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4.3.3 Orthologs of S. cerevisiae Rec114-Mei4 complex

In the following sections, the current knowledge of the complex Rec114-Mei4 of
Mus musculus, Schizosaccharomyces pombe, Arabidopsis thaliana and Zea mays will be
developed.

By phylogenomic-directed BLAST analysis, orthologs of Mei4 and Rec114 could be
identified in most animals, plants and fungi. As a starting point, here is a schematic of the
sequences of different orthologs of the Rec114 and Mei4 proteins (Kumar, 2010). These
proteins are highly divergent within the eukaryotic kingdom and pair-wise comparisons
between these orthologous proteins in different organisms show a sequence identity of
less than 10%. However, it can be noticed the presence of evolutionarily conserved SSMs
(7 for Rec114 and 6 for Mei4) (Figure 15 and 16).
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Figure 15: Conservation of Rec114. (Top) Representation of the protein sequences orthologous to Rec114
with the relative position of the SSMs represented in dark grey. (Bottom) Sequence alignment of Rec114
orthologous proteins for the different SSMs found. Amino acids highlighted in color are those that are
conserved. In SSM 7, we can see the conservation of phenylalanine, which plays a potential role in the
interaction between Rec114 and Mei4, pointed by the red arrow. With Sce = Saccharomyces cerevisiae; Spo =
Schizosaccharomyces pombe; Ath = Arabidopsis thaliana; Zma = Zea mays; Mmu = Mus musculus (inspired
from Kumar, 2010). 18



Mei4 (S. cerevisiae)
Rec24 (S. pombe)

= I -
= —
O -
b .
[

— 20aa
PRD2 (A.thaliana)
I:0: MEI4 (M.musculus)
SsM1 SsM2 SSM3
sce Mp lKRAlSRKKG
Spo L K KYASTL.EP
Ath IL R KaKWAlkERKEK
Zma L K K R K KDRKRE
Mmu S K K s K EA.EAE
ssM4 SSM5 SSM6

Sce G G K | KKRKYIQAA T R S
Spo S K Q D KSAYSAPSI I G D P
Ath Q F I AS H L D
Zma Q F TRS K \ E
Mmu g w Q QKHDEYV R A w

Figure 16: Conservation of Mei4. (Top) Representation of the Mei4 orthologous protein sequences with the
relative position of the SSMs represented in dark grey. (Bottom) Sequence alignment of Mei4 orthologous
proteins for the different SSMs found. Amino acids highlighted in color are those that are conserved. With Sce
= Saccharomyces cerevisiae; Spo = Schizosaccharomyces pombe; Ath = Arabidopsis thaliana; Zma = Zea mays;
Mmu = Mus musculus (inspired from Kumar, 2010).

Although the amino acid sequences are quite different between species, the
structures of these proteins share similarities according to the AlphaFold prediction for
all the orthologs of Rec114 discussed below (Figure 17A). The N-terminal part of these
proteins is thought to share a conserved PH domain (A PH domain consist of two
perpendicular anti-parallel B-sheets and a C-terminal amphipathic helix (Scheffzek and
Welti 2012)) and the C-terminal part is composed of two to four a-helices. For the Mei4
orthologs, 4 HEAT-repeats, which comprise consecutive arrangements of helix A-turn-
helix B motifs forming an a-solenoid structure with an approximate angle of 15° between
each repeat (Andrade et al. 2001), are predicted as well as an N-terminal part composed
of 3 to 5 helices (Figure 17B) (Daccache et al. 2022).
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Figure 17: Conservation of Rec114 and Mei4 tridimensional structures. (A) AlphaFold representation of
the Rec114 orthologs shows that they all have a N-terminal PH domain (zoom in on the top of the image), a
central IDR and C-terminal a-helix. (B) AlphaFold representation of Mei4 orthologs with a zoom on the C-
terminal part below the image (Daccache et al. 2022).

For all these orthologs, AlphaFold representations of the minimal complex showed
that these complexes have a rather similar structure composed of a ring of two a-helices
from the C-terminal part of the Rec114 ortholog into which an a-helix from the N-
terminal part of the Mei4 ortholog is inserted (Figure 18). This is very similar to the three-
dimensional structure of the minimal complex of S. cerevisiae (Figure 12). Indeed, the
phenylalanine F411 of Rec114, whose mutation to alanine completely inhibits the in vitro
interaction between Rec114 and Mei4 of S. cerevisiae, is probably conserved during
evolution because, according to the AlphaFold models, it is always found at the
interaction surface between the two different proteins of the complex (they are
represented in pink in Figure 18). We will see if this amino acid is important for the
interaction between the two proteins of these complexes in the section result and
discussion of this master thesis.
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Figure 18: AlphaFold representation of the minimal RM complex of orthologs. This AlphaFold
representation of the minimal complex of other organisms shows that the phenylalanine important in the
interaction between Rec114 and Mei4 in S. cerevisiae appears to be conserved. It is shown in pink in this figure
(Daccache et al. 2022).

Like the S. cerevisiae complex, these orthologs also have positively charged amino
acid patches pointing outwards from the complex, which could explain a possible
multivalent binding to DNA that we will test. This can be seen in Figure 19 below where
these amino acids (lysines and arginines) are shown in red.

R313 510
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Figure 19: Positively charged amino acids that point away from the complex. AlphaFold representation
of the minimal complexes of the Rec114-Mei4 orthologues. In red are positively charged amino acids (lysine,
arginine) that point outwards from the complex and may be involved in the multivalent binding of the complex
to DNA (Daccache et al. 2022).
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4.3.3.1 Mouse REC114-MEI4 complex

REC114 is a 259 aa protein (accession number: NP_082874.1) and MEI4 is a 389
aa protein (accession number NP_780422.1) (Laroussi et al. 2023).

Regarding the structure of this complex, it was shown in vitro by co-purification
that a direct interaction between the C-terminal part of REC114 (residues 226-254) and
the N-terminal part of MEI4 (residues 1-43). The stoichiometry of the complex has been
shown to be 2:1 with 2 REC114 and one MEI4 (Laroussi et al. 2023).

Concerning the function of this complex, it has been shown in vivo that REC114
and MEI4 co-localize with [HO1, Mer2 homolog in mouse, at the chromosomal axes during
meiosis prophase (Nore et al. 2022). It was also demonstrated that IHO1 binds the
REC114-MEI4 complex in vitro (Laroussi et al. 2023).

4.3.3.2 S. pombe Rec7-Rec24 complex

Rec7, the ortholog of Rec114 is a 339 amino acid protein (accession number:
AAA35333.2) and Rec24 is the ortholog of Mei4 and consists of 350 amino acids
(accession number: NP_594817.1). Rec7 shares 9% amino acid identity with Rec114 and
Mei4 shares 7% amino acid identity with Rec24. The low sequence conservation
observed even between yeast shows a rapid evolution of these proteins (Bonfils et al.
2011).

Rec7 localizes to chromosomes and it has been shown to interact with Rec24 in
vivo by yeast two hybrid, and more specifically that the C-terminal part of Rec7 interacts
with Rec24. A conserved amino acid of Rec7, phenylalanine 325 (shown in pink in Figure
19) is essential to maintain this interaction in vivo and to maintain the formation of DSBs
(Steiner, Kohli, and Ludin 2010).

No in vitro studies of the structural biochemistry and DNA binding function have
yet been performed.

4.3.3.3 The Rec1114-Mei4 complex in plants

No in vitro biochemical studies have yet been performed on these proteins: no
structural studies and their DNA binding function has not been shown in vitro.

Arabidopsis thaliana PHS1- PRD2 proteins

PHS1 is a 310 amino acid protein and is the homolog of Rec114 (accession
number: 0AP13975.1). This protein is not essential for DSBs formation but is essential
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for DNA double-strand break repair and homologous pairing (de Massy 2013). This
suggests that the conservation of PHS1 function has been lost in dicotyledonous plants
(divergence of about 150 Myr from monocotyledons such as mays) (Vrielynck et al
2021). But it has been shown in vivo that PHS1 interacts directly with PRD2 (Vrielynck et
al. 2021).

PRD2 is a 202 amino acid protein and is the homolog of Mei4 (accession number:
0A095537.1). This protein does not show a functional domain meaning that the
structural domain was not predicted before but is still essential for DSBs formation (Y. Li
etal 2021). PRD2 interacts with the chromosomal axis.

In contrast to the organisms discussed so far, the RMM protein family in A. thaliana
appears to be formed by the PHS1-PRD2 complex and the DFO protein, which has no
ortholog in non-plant organisms. No direct interaction was detected by yeast two hybrid
between PRD3 and the PHS1-PRD2 complex (Thangavel et al. 2023; Vrielynck et al.
2021).

Zea mays PHS1- MPS1 proteins

PHS1, or poor homologous synapsis 1 protein, is the ortholog of Rec114, has 347
aa and is an essential protein for DSB formation in Zea mays (accession number:
AAQ84720.1) (Vrielynck et al. 2021).

MPS1, or Multipolar Spindle 1, the ortholog of Mei4, has 391 residues (accession
number: PWZ29589.1)(Kumar, Bourbon, and Massy 2010). No study has yet shown its
role in the formation of DSBs, or its interaction with PHS1.
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4.3.4 Characterization of the Mer2 structure

Mer2 is a protein consisting of 314 amino acids (accession number: CAA60944.1)
and has a molecular weight of 35.712 kDa. The protein contains two SSMs and has a
central coiled-coil domain that tetramerizes and is flanked by a disordered N- and C-
terminal portion (Figure 20).

mMer2 [ | Coiled-coil |

1 324
Figure 20: Domain organization of Mer2 with an intrinsically-disordered regions in white and a central

part that tetramerizes forming a coiled coil in dark grey.

An AlphaFold representation of these homotetrameric coiled-coils domain
predicts that they are four a-helices arranged parallel to each other (Figure 21)
(Daccache et al. 2022).

Figure 21: Tetrameric coiled-coil domain. AlphaFold model of the coiled-coil domain formed by 4 coiled-coil
domains of Mer2. The size of this coiled coil is predicted to be 26 nm (Daccache et al. 2022).

However, the confidence score in the center of this coiled-coil is low and the
AlphaFold prediction of the full-length protein suggests that a disordered region may
exist in the center of the coiled coil involving residues from 110 to 160, which could give
the coiled coil some flexibility (Figure 22) (Daccache et al. 2022).

Figure 22: Mer2 full length. AlphaFold model of the MerZ full length protein. The coiled-coil part is shown in
pink and the N- and C-terminal regions are shown in grey. A disordered region appears in the center of the
coiled coil (modified from Daccache et al. 2022).
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4.3.5 DNA binding of Mer2

As with the Rec114-Mei4 complex, it was demonstrated via an EMSA that Mer2
binds to DNA and that, again, a branched HJ substrate is preferred (Figure 23). This
suggests multiple binding sites in the complex that collaborate to form a stable
nucleoprotein complex (Daccache et al. 2022).

-Complexes

_.§ Full-length Mer2
c®
o8 i - dsDNA
5 g HJ dsDNA  Competitor >
2oL oww o Foldexcess g HJ
22 NQRB2cs NI competitor g
.“,".F»—.y—-._a._a,.*”n‘u - Wells S
i 1 L
£
o |
@

0+ T —o— —®
0 10 20 30 40 50
Fold excess competitor

u UHUUU - M- Unbound HJ

Figure 23: DNA binding by Mer2. Competition assay on MerZ2 (200 nM) binding to a fluorescent HJ substrate
(10 nM) in the presence of unlabeled H] substrates or dsDNA. Error bars are ranges from 2 independent
experiments (most are too small to be visible) (modified from Daccache et al. 2022).

The coiled-coil domain is necessary and sufficient for this DNA binding. However,
the most important part of Mer2 for interaction with DNA is located outside the coiled-
coil, at the C-terminal part of the protein (Daccache et al. 2022).

4.3.6 Orthologs of S. cerevisiae Mer2

Here is a diagram of the sequences of the different Mer2 orthologs that will be
studied in this thesis (Figure 24) (Tessé et al. 2017).

ASY2 (5. macrospora)

- 1 I Coiled-coil _ 7 Mer2 (S. cerevisiae)

1 [l coiled-coil [ 2 HESEION 0] — 2023
EX | PRD3 (A thaliana)

PAIR1 (Z. mays)

IHO1 (M. musculus)

Figure 24: Mer2 orthologs. Sequence diagram of Mer2 orthologous proteins showing the relative position of
the coiled-coil domain (shown in dark grey), SSM1 in blue and SSMZ2 in dark grey (inspired from Tessé et al.
2017).
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Following a bioinformatics analysis and as represented on the diagram above, you
can see the presence of two conserved signature sequence motifs (SSMs) on either side
of the coiled-coil domain of each protein. These proteins have been shown to be required
for meiotic DSB formation in their respective organism (Figure 25) (Tessé et al. 2017).

SSM1 S5m2
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Figure 25: Conservation of Mer2. Sequence alignments of SSM1 and SSM2 of different Mer2 orthologous
proteins with Sce =Saccharomyces cerevisiae; Spo = Schizosaccharomyces pombe; Smac = Sordaria
macrospora, Ath = Arabidopsis thaliana; Mmu = Musculus (inspired from Tessé et al. 2017).

AlphaFold predicts that these coiled-coils form parallel homotetrameric
complexes, like Mer2 (Figure 26). The confidence score of these predictions are high
(Daccache et al. 2022).
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Figure 26: Coiled-coil domains of Mer2 orthologs. AlphaFold models of homotetrameric coiled-coil domains
of M. musculus IHO1 (residues 109-267, length 2.15 nm), A. thaliana PRD3 (residues 120-270, length 2.25 nm),
S. pombe Rec15 (residues 1-160, length 2.3 nm), S. macrospora ASYZ (residues 55-275, length 2.85 nm), and Z.
mays PAIR1 (residues 140-310, length 2.15 nm) (Daccache et al. 2022).
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4.3.6.1 Mouse IHO1 protein

[IHO1 (accession number: NP_001366587.1), or interactor of HORMAD1 protein 1,
is a 574-residues protein and like Mer2, this protein is highly disordered, except for a
central region where a coiled-coil domain is observable.

It has been shown in vivo that IHO1 is located at the chromosomal axis in prophase
I (Stanzione et al. 2016).

No in vitro DNA binding studies have yet been performed.

4.3.6.2 S. pombe Rec15 protein

Rec15 has 180 amino acids (accession number: NP_595887.1) (Doll et al. 2005).
No structural analysis has been carried out, nor has its DNA binding function been studied
in vitro.

4.3.6.3 S. macrospora ASY2 protein

ASY2 (protein SMAC_02785) is a protein of 504 amino acids (accession number:
XP_003348288.1). In vivo, it has been shown that this protein localizes all along the
chromosomes during prophase I of meiosis (Tessé et al. 2017).

No structural analysis has been carried out, nor has its DNA binding function been
studied in vitro.

4.3.6.4 Plants Mer2 orthologs

No in vitro studies of the structure and DNA binding function of these proteins has
yet been performed.

A. thaliana PDR3 protein

PRD3 (accession number: OAP15284.1), a protein of 449 residues, does not
interact directly with the Rec114-Mei4 complex and it has been shown in vivo that PRD3
forms clusters along chromosomes (Vrielynck et al. 2021).

Z. mays PAIR1 protein

PAIR1 is a protein of 590 residues (accession number: XP_008649842.1).
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Il Objectives

In order to study the evolutionary conservation of structure and the DNA-binding
activity of the RMM complex of proteins, the aims of my master thesis are divided into
two main parts.

The first part consists in studying the structure and the function of proteins
orthologous to S. cerevisiae Rec114-Mei4. In this first part, several experiments will be
carried out on the minimal parts of the proteins of Mus musculus (REC114210-259- MEI41-
58), Schizosaccharomyces pombe (Rec7289-339- Rec241-50), Zea mays (PSH1297-347- MPS11-87)
and Arabidopsis thaliana (PSH1260-310- PRD21-50), [n order to do that, we will focus on two
different sub-aims. On the one hand, the analysis of the structure of these complexes by
analyzing interaction domains between the two proteins of the complex and by
identifying the amino acids that are important for the interaction between the C-terminal
part of the orthologs of Rec114 and the N-terminal part of the orthologs of Mei4 in order
to test AlphaFold prediction of these complex shown in Figure 18. On the other hand, the
DNA binding capacity in vitro of these minimal parts will be studied.

The second aim is to characterize the structure and the function of Mer2 orthologs
including: IHO1 (Mus musculus), Rec 15 (Schizosaccharomyces pombe), PAIR1 (Zea mays),
PRD3 (Arabidopsis thaliania) and ASYZ2 (Sordaria macrospora). This aim will be divided
in two parts. The first concerns the study of the conservation of the parallel
homotetrameric structure predicted by AlphaFold (Figure 26) and the second concerns
the characterization of the DNA binding function in vitro and identifying the amino acids
involved in the protein-DNA interaction. For these proteins, only the coiled-coil domain
will be purified and studied.
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IV Results

1. Orthologs of the Rec114-Mei4 complex

1.1 Conservation of the structure of minimal complex of RM

In order to partially validate the structural models proposed by AlphaFold for the
minimal complexes orthologous to the Rec114-Mei4 complex of S. cerevisiae, we have
identified amino acids that could play a role in the interaction between the two proteins.
Indeed, in Figures 27 below, hydrophobic amino acids from the Rec114 orthologous
protein pointing inwards from the complex to the Mei4 orthologous protein are
represented in pink. For the mouse complex, the amino acids identified as potentially
important in the protein-protein interaction were identified are as follows: F230, F240
and F243. For the Rec7-Rec24 complex of S. pombe, the amino acids selected are: Y320,
F325 and L328. For the A. thaliana complex formed by PHS1-PRD2, the residues are Y284,
F290 and L294. And finally, for the Z. mays complex formed by PHS1-MPS1: F327, L334
and [338. The phenylalanines marked in magenta above are evolutionarily conserved and
correspond to phenylalanine F411 of Rec114 of S. cerevisiae, which by mutating it, totally
inhibits the interaction between the proteins of the complex (Claeys Bouuaert, Tischfield,
etal 2021).

A. thaliana

Figure 27: Interaction domains between Rec114 and Mei4 orthologous. AlphaFold representation of the
minimal domains of the 2:1 stoichiometry complex formed by the orthologs of Rec114-Mei4 including mouse
REC114-MEI4 complex, the S. pombe Rec7-Rec24, the A. thaliana PHS1-PRDZ2 and the Z. mays PHS1-MPS1
complexes. In magenta is a phenylalanine conserved in all sequences (F411 in S. cerevisiae). In pink are
represented other hydrophobic amino acids pointing towards the interior of the complex. 29



In order to test the AlphaFold model of the mouse minimal complex, we carried out a
Pulldown on tagged proteins where we mutated a single amino acid at a time: F230, F240 or
F243 in alanine. The impact of the mutation on the interaction between the two proteins can be
measured by comparing the ratio of the intensity of the MEI4 band to the intensity of the
REC114 band visible on the SDS-PAGE gel of the Ni-NTA column elution between the WT
and the mutant. If this ratio decreases, this means that the interaction has been disrupted by the
mutation. As you can see from the gel shown in Figure 28, only the F240 phenylalanine
mutation had a major negative impact on the interaction between REC114 and MEI4.
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Figure 28: Pulldown of single mutations on the mouse REC114-MEI4 minimal complex. SDS-PAGE gel of
Pulldown elution on a Ni-NTA column. WT REC114210-259 qnd MEI'-58 proteins were tested, where REC114 F230,
F240 or F243 were mutated to alanine.

o
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By making triplicates, it is shown that for the M. musculus complex, mutation of the
phenylalanine F240 to alanine inhibits the REC114-MEI4 interaction by 25% (Figure 30). The
interaction between proteins can be quite strong, so a simple mutation may not be able to
completely inhibit it. As a result, mutations in the three amino acids tested would have a greater
impact on protein interaction, we tested a Pulldown on proteins where F230, F240 and F243
are mutated to alanine. And in fact, the triple mutation inhibits the protein-protein interaction
by 70% (Figure 30A). While this work was underway, another study has shown in a Pulldown
experiment that by mutating the following amino acids of REC114 to glutamate, the interaction
between the two proteins is inhibited: F240, V244 and V247 as well as the A16 mutation in
MEI4 (Figure 29) (Laroussi et al. 2023). These mutagenesis validated that these amino acids
are involved in the interaction between proteins and that they point well inside the complex as
predicted by the model.

k K n\/\
Figure 29: AlphaFold representation of mouse mRM. In
‘ , ‘VZN :/:\AL) pink are represented the amino acids V244 and V247 of

K‘( . REC114 and the amino acid A16 of Mei4, whose mutation has

G :

o — ) been shown to inhibit protein interaction by Laroussi et al
(2023). These amino acids point towards the interior of the
complex.
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In the S. pombe Rec24-Rec7 complex, the F235 phenylalanine mutation is not sufficient
to significantly decrease the interaction between the proteins of the complex (Figure 31B).
However, in vivo, it has been shown that mutation of this amino acid completely inhibits DSB
formation and interaction between Rec114 and Mei4 (Steiner, Kohli, and Ludin 2010). But the
triple mutation of amino acids Y320, F235 and L328 inhibits the interaction by 80% (Figure
30B). The same effect is observed in the A. thaliana complex: The phenylalanine F290
mutation does not significantly impact the interaction between the two proteins of the complex,
whereas the triple mutation of amino acids Y284, F290 and L294 inhibits the interaction
between PHS1 and PRD2 by 80% (Figure 30C). The reduced interaction between proteins
orthologous to Rec114 and orthologous to Mei4 caused by this mutagenesis directed towards
hydrophobic amino acids pointing towards the interior of the complex supports the three-
dimensional structure model predicted by AlphaFold.

For the Z. mays complex, the phenylalanine F327 mutation surprisingly increases the
interaction between PHS1 and MPS1 by 32%. The triple mutation shows no significant
difference in the interaction between the two proteins of the complex compared to the WT
proteins (Figure 30D). Due to this mutagenesis, it has not been shown that these residues
are involved in the interaction between PHS1 and MPS1. However, the confidence score for
the three-dimensional structure of this complex given by AlphaFold is lower than that of the
other complexes tested which tells us that we can have less confidence in it.
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Figure 30: Pulldown result. On the left of the image, pictures of the SDS-PAGE gels of the Ni-NTA column elution allowing
to measure the impact of mutation brought to the Rec114 orthologue on the interaction between the two proteins. On the
right, a graph reporting these effects. Error bars are ranges from three replicates and with * = significant difference with
an a = 0.01, ns = not significant defined by a Student test. It is shown that we cannot reject the fact that these data follow a
normal distribution (via a Shapiro-Wilk test) and that they have equal variances (via a Fisher test). Pulldown on (A)
REC114210-259-MEI41-58 (mouse), (B) Rec7289-339-Rec241-0 (S. pombe), (C) PHS1260-310-PRD21-50 (A. thaliana) (D) PHS1297-347-
MPS11-87 (Z. mays).
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1.2 Conservation of DNA binding of the RM complex

In order to test the DNA binding of the minimal RM complex orthologs, EMSAs
were performed on purified tagged complexes which were overexpressed in E. coli
(Figure 31).
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Figure 31: SDS-PAGE gel of protein purification of RM orthologs. (A) Purification gel of the minimal
REC114-MEI4 complex from M. musculus. (B) Purification of the REC114-MEI4 full-length complex from M.
musculus. (C) Purification of the minimal complexes from S. pombe (Rec7-Rec24), A. thaliana (PHS1-PRD2)
and Z. mays (PHS1-MPS1).

In order to test the binding of the Rec114-Mei4 orthologous complex of S.
cerevisiae to DNA in vitro, EMSAs were performed. An EMSA consists of migrating a mix
of fluorophore-labelled DNA and proteins in a polyacrylamide gel. As the DNA is
negatively charged, it will migrate through the gel more or less quickly depending on its
size or the size of the complex it forms with proteins. Indeed, the larger the complex
formed, the less the labelled DNA will migrate. After the gel is revealed, it is possible to
measure whether there is an interaction between the labelled DNA and the proteins
tested.

To measure the preference of proteins for a particular DNA substrate, competition
EMSA were realized by, to the starting reaction mix, adding a fluorophore-labelled DNA
substrate (HJ) and a large excess of an unlabelled "competitor" substrate (H] or dsDNA).
If the proteins prefer the competitor substrate to the initial one, the labelled one will be
able to migrate freely and far in the gel and the protein will form a complex with the
competitor and then migrate more slowly and less far in the gel. After gel revelation, if
complexes are visible, this means that the proteins have a preference for the fluorophore-
labelled substrate rather than for the competitor.
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Dima Daccache has shown that the full-length REC114-MEI4 proteins, the M.
musculus complex, bind to DNA in vitro and that this complex binds to DNA and has a >20-
fold preference for a cross-shaped HJ substrate rather than a linear substrate (Figure 32)
(Daccache et al. 2022). That suggests that this complex contains multiple DNA-binding
sites, like the Rec114-Mei4 complex of S. cerevisiae.
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Figure 32: DNA binding by REC114-MEI4. Competition assay of tagged FL mouse REC114-MEI4 complex
(1000 nM) binding to a fluorescent HJ substrate (10 nM) in the presence of unlabeled HJ] substrates or dsDNA.
The band labeled “*Bound” migrates close to the position of the unbound substrate. It is likely due to the rapid
dissociation of REC114-MEI4 from the substrate at the start of the electrophoresis. Error bars are ranges from
2 independent experiments (most are too small to be visible) (Daccache et al. 2022).

Concerning the binding of the minimal tagged complexes of RM orthologs to H]J, it
can be noted that, for EMSA performed in a TAE buffer, only the minimal complex of A.
thaliana (PHS1-PRD2) is sufficient to bind DNA as complexes are visible in the gel and in
the wells. Indeed, in presence of 800 nM of PHS1-PRD2, up to 50% of DNA was bound
(Figure 33B). Therefore, the DNA-binding properties of the minimal complex Rec114-
Mei4 of S. cerevisiae is conserved only for the A. thaliana minimal complex (Figure 33).
Indeed, for the other complexes tested (M. musculus REC114-MEI4, S. pombe Rec7-Rec24
and Z. mays PHS1-MPS1), no DNA binding was detected on the gel migrated with a TAE
buffer (Figure 33).

However, according to AlphaFold predictions, positively charged residues form
patches that point outwards from the proteins, showing that they can potentially bind to
DNA (Figure 19). We know that EMSA is a technique in which the DNA-protein interaction
must survive migration in a gel. We therefore tested different techniques to try to show
their binding to DNA in vitro trying to destabilize the possible protein-DNA interaction as
little as possible.
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Figure 33: DNA-binding activity of the orthologs of RM. (A) Gel-shift assay of different concentrations of
tagged RM minimal complexes of the mouse (REC114-MEI4), S. pombe (Rec7-Rec24) and Z. mays (PHS1-MPS1)
binding to a fluorescent HJ substrate (10 nM). Error bars are ranges from two independent experiments (some
are too small to be visible). (B) Gel-shift assay of different concentration of the minimal tagged complex RM of

A. thaliana (PHS1-PRDZ2). Error bars are ranges from 2 independent experiments (some are too small to be
visible).
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Firstly, we tested adding 5 mM Mg2* to the samples, 1.5 mM in the gel and in the
electrophoresis buffer, as Mg2* is known to improve some protein-DNA interactions
(Guéroult et al. 2012). Given that DNA is negatively charged and Mg?* is positively
charged, it can be at the protein-DNA interface and help the proteins to bind the DNA. As
you can see, these minimal complexes still failed to bind to DNA (Figure 34A). We then
tested another TAE buffer in order to lower the ionic strength of the medium. Its
composition is the following: 0.1 mM EDTA, 4 mM Tris at pH 8.3, 4 mM NaOAc, 0.2 mM
MgOAc. The gel migrated for 4 h at 100 V. However, still no DNA binding was detected
(Figure 34B).
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Figure 34: DNA-binding property of mRM of mouse, S. pombe and Z. mays. Gel-shift assay of different
concentrations of minimal RM complexes tagged of the mouse (REC114-MEI4), S. pombe (Rec7-Rec24) and Z.
mays (PHS1-MPS1) binding to a fluorescent HJ substrate (10 nM). (A) Test with 5 mM Mg?* in the samples, 1.5
mM in the buffers of electrophoresis and the polyacrylamide gel. (B) Test with another TAE (0.1 mM EDTA, 4
mM Tris at pH 8.3, 4 mM NaOAc, 0.2 mM MgOAc).

There are several hypotheses as to the lack of DNA-binding activities of these
complexes. Firstly, it could be that the main DNA-binding site of these proteins is not
located in the minimal part. Secondly, it could be that the tags used (HisSUMO and MBP)
are a steric hindrance to the binding of these complexes to DNA. Thirdly, it could be that
this interaction is weak and therefore the complex is immediately destabilized when
electrophoresis is initiated. Indeed, as shown by Dima Daccache in Figure 32, the full-
length proteins of the mouse complex manage to bind to DNA but this association is
rapidly dissociated at the start of electrophoresis, indicating that the protein-DNA
interaction is fairly weak and does not resist EMSA for long, which may explain the fact
that for the minimal mouse complex, no binding to DNA is measured by EMSA, as this

interaction may be even weaker than for the full-length complex. However, a recent as
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yet unpublished article has shown that the minimal complex formed by amino acids 203
to 259 of REC114 and residues 1 to 42 of MEI4 manages to bind to DNA, as demonstrated
by an EMSA. However, the affinity of this complex for DNA is less than that of the S.
cerevisiae complex. The concentration tested was 30 uM, 6.67 times higher than our
tested concentration. Moreover, only 30% of binging is measured at the concentration of
proteins of 30 uM. At a concentration of 15 uM, no binding was measured, so our results
could be explained by the fact that the protein concentrations tested were not high
enough. In addition, the DNA substrate tested was also larger (150 bp) and linear (Liu et
al. 2023). In addition, AFM experiments by Karen Mechleb, a member of our laboratory,
have shown that the mouse REC114-MEI4 minimal complex binds to DNA (Figure 35)
(Daccache et al. 2022).
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Figure 35: AFM imaging on mouse mRM. AFM imaging of 1 nM plasmid DNA in the presence of minimal
untagged mouse REC114-MEI4 (100 nM) (Daccache et al. 2022).

Therefore, mode of DNA binding is probably conserved but quantitatively very
different from S. cerevisiae.

2. Orthologs of the coiled-coil domain of Mer2

Tagged and untagged coiled-coils orthologs to Mer2 were overexpressed in E. coli
and then purified (Figure 36).
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Figure 36: Purification of the coiled coils. SDS-PAGE gel of the purification (A) of tagged and untagged
coiled coil from mouse (IHO1), A. thaliana (PRD3), S. pombe (Rec15) and Z. mays (PAIR1) (B) of the coiled coil
tagged on the left and untagged on the right of S. macrospora (ASY2).
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2.1 Conservation of the structure of the cc of Mer2

SEC-MALS analyses of HisSUMO-tagged coiled-coils were performed and showed
that all the coiled-coils tested had a homotetrameric structure. Indeed, the measured
molecular weights by the MALS are close to those expected in case of a homotetrameric
structure. The results obtained are shown in table 1.

Table 1 : SEC-MALS result. Table of SEC-MALS results obtained on coiled-coils tagged with a HisSUMO tag in
comparison to the theoretical weights of a monomer and a tetramer.

Organisms Protein Mw expected Mw expected Mw obtained by
monomer tetramer SEC-MALS (kDa)
(kDa) (kDa)

M. musculus HisSUMO-IHO1 31.75 127.0 113.0

A. Thaliana HisSUMO-PRD3 32.19 128.76 135.2

S. pombe HisSUMO-Rec15 32.10 128.40 132.7

Z. mays HisSUMO-PAIR1 32.95 131.80 121.2

S. macrospora HisSUMO-ASY?2 38.75 155.00 142.2

These results are indeed derived from the main peak detected by the UV detector
at the exit of the SEC of the purified protein samples. The results as a function of the
elution volume of the SEC of a purified protein sample are shown in Figure 37.
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Figure 37: SEC-MALS on the coiled-coil domains. SEC-MALS analysis of tagged coiled-coil domains of IHO1,
PRD3, Rec15, PAIR1 and AYS2. The traces show differential refraction at 660 nm (arbitrary units) and circles
are molar mass measurements across the peak in function of the elution volume of the SEC.
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By using Small Angle X-ray Scattering (SAXS) technique, it is possible to
distinguish between the parallel and antiparallel topology of the proteins that make up
the coiled-coil domain. Indeed, if these proteins are arranged in a parallel direction, all
the tags HisSUMO fused to the N-terminal part of the proteins will be on the same side,
whereas in the case of an antiparallel arrangement, the tags will be equally distributed
on both sides of the proteins (Figure 38).

Parallel Antiparallel

Figure 38: Representation of the orientation of a coiled-coil domain. In pink are the a-helices. Green
represents the HisSUMO tag fused to the N-terminal part of the coiled-coil domain. If the a-helices are
arranged in parallel as shown on the left of the figure, all the HisSUMO tags are on the same side. The electron
density, shown in blue, would therefore be much greater on their side. If the orientation is antiparallel, the
tags are on both sides of the helices and the electron density is distributed on both sides of the coiled coil.

Consequently, the shape represented by the electron density measured by SAXS
will not be the same in the case of parallel or antiparallel orientation (Figure 38).

For this experiment, we carried out the coiled coil purifications and the SAXS
analyses were performed by Yann Sterckx and his team. In Figure 39, the a-helices in a
parallel or antiparallel orientation are shown in red. In grey is the electron density
measured by SAXS. The results of SAXS (ab initio particle reconstitutions) on all the
coiled-coil domains orthologous to that of Mer2 show a density excess on one side of the
tetrameric complex, which validates the AlphaFold model and confirms the parallel
organization of the a-helices of the coiled-coil domain (Figure 39).

Looking at Figure 40, we can see that the parallel helix model is encompassed by
the excess density measured, which is not the case for the antiparallel model (measured
by the Dmax, which is the minimum the more closely the model resembles the
measurement).
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Figure 39: Parallel structure of the coiled-coil domains tested by SAXS. Overlay of parallel model of coiled
coil tagged with a HisSUMO in their N-terminal part with the ab initio reconstructed shape obtained from SEC-
SAXS analyses in comparison with the antiparallel model (Daccache et al. 2022).

Now that we have verified the parallel and homotetrameric structure of the coiled-
coils, we wanted to go further in validating the model predicted by AlphaFold using a
completely independent technique. To do this, we performed a XL-MS experiment. We
first had to determine what concentration of DSS, the crosslinking agent, was necessary
to observe sufficient XL between the lysines of the coiled coil. We performed a small-scale
crosslink test by varying the DSS concentration on the I[HO1 coiled coil. The crosslinking
was verified by an SDS-PAGE gel shown in Figure 40. Without DSS, one major band is
observed, corresponding to monomeric IHO1. However, as soon as 0.5 mM DSS is added,

lower-migrating bands are visible, corresponding to dimers and multimers.
mM DSS

0O 05 1 15 2 4

100 kDa
75 kDa

50 kDa

20 kDa
cclHO1

Figure 40: XL test on the coiled coil of IHO1. Testing the effect of DSS concentration on the coiled coil of
IHO1 (7.55 pg = 5ul of protein solution).
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At a concentration of 2 mM DSS, most of the proteins has been crosslinked. At 4
mM almost nothing was observed, presumably because the protein was not able to
penetrate the gel due to the large number of XL. We decided to perform the XL-MS
experiment with a DSS concentration of 2 mM to have sufficient levels of XL (Figure 40).

XL-MS experiments were performed using 60pg of untagged coiled coils. The SDS-
PAGE gels below show that the proteins have been crosslinked by DSS. Multimers are
visible on the SDS-PAGE gels shown in Figure 41A. After analysis, the crosslink obtained
are represented in Figure 41B.
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Figure 41: XL-MS on the coiled-coil domains. (A) SDS-PAGE gel of coiled-coil domains (from Mer2, ASY2,
PRD3, PAIR1, Recl5 and IHO1) of proteins untreated with DSS (named N) and proteins crosslinked with DSS
(named XL). (B) Representation of the crosslink obtained after XL-MS on the coiled-coils. The black loops
represent the bonds between a lysine and itself while the pink curves represent crosslinks observed between two
different lysines. The protein concentrations used were: 0.95 pg/ul for IHO1, 0.76 pg/pl for PRD3 and PAIRL,
0.63 pg/pl for Recl15, 0.56 pg/ul for ASY2 and 0.54 pg/ul for Mer2.
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In all these coiled coils, lysines have been bound to identical lysines (curve in black
in Figure 41B), indicating that the proteins form a multimer (consistent with SEC-MALS
and SAXS). However, the distance of the majority of the crosslinked lysine (shown in pink
in Figure 41B) observed and projected on the AlphaFold representation of the coiled coils
exceeds the threshold value of 27 A for distances measured within the same coiled-coil
domain (Figure 42).
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Figure 42: Hitcount and distances of XL. Graph showing the number of times the same crosslink was detected
by MS (Hitcount) as a function of the distance between the a-carbons of the crosslinked lysines in the same
coiled-coil domain. The threshold of validity of the 27 A measurements is represented by a vertical dashed line.

The corresponding data can be seen in Appendix 1.

Indeed, any value exceeding this distance is inconsistent with the structural model
proposed by AlphaFold because the spacer linking the two DSS reaction groups measures
11.4 A (Figure 43) when fully extended, thus allowing two a-carbons of crosslinked
lysines to be approximately 24 A apart. However, an allowance of 3 A is made because
experience shows that many probable XLs are at a distance of 27 A, giving a maximum
distance of 27A (Calabrese and Radford 2018; Merkley et al. 2014).

Spacer arm
Reactive group 114 A Reactive group

Figure 43: Size of XL carried out by the DSS.
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Certain long-range XL could be explained by the fact that the coiled coils are
flexible but the confidence score of these coiled coils are high for the orthologs of Mer2
and AlphaFold don’t predict any flexible region in these coiled-coil. Furthermore, not all
long-range XLs can be explained by this hypothesis. Some of these long-range XLs can
also be explained by an antiparallel orientation of the coiled coils, but this hypothesis is
not consistent with the SAXS analysis. Another explanation could be that inter-tetramer
crosslinks occurred, in addition to intra-tetrameric (intra or intermolecular) crosslinks,
because the proteins were too concentrated during the crosslinking experiment. A
representation of the various possible crosslinks can be seen in Figure 44.
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Figure 44: Representation of possible crosslinks for the IHO1 coiled-coil. In XL-MS, crosslinks were
detected between residue 4 and 67 of the IHO1 coiled-coil. These crosslinks can be intramolecular (shown in
blue), intermolecular within the same coiled-coil (shown in orange) or they can be inter-coiled-coil (shown in
green).

In order to test the hypothesis that long-range XLs exceeding the 27 A threshold
are in fact inter-coiled coil XLs, we carried out the same experiment but in dilute protein
concentrations. By reducing the protein concentration, we expect to increase proportion
of intra-tetrameric crosslink vs. inter-tetrameric events. This experiment was carried out
with the Mer2 coiled coil (Figure 45B).

In fact, as shown in Figure 45, far fewer long-range XL are detected. For the first
condition tested, 59.3% of the XLs exceeded the threshold value of 27 A and therefore
violated the model predicted by AlphaFold, whereas in the condition where the protein
was diluted 7 times, this percentage fell by more than half to 22.1% (Figure 45C).
Therefore, by diluting the protein during the XL reaction, we significantly decreased
inter-coiled coil XL.

Therefore, we know that a lot of XL shown in Figure 45B are actually inter-coiled
coil XL, which makes the results obtained on orthologs coiled coil uninterpretable.
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Figure 45: XL-MS results on Mer2 coiled-coil under diluted conditions. (Top) Representation of the
crosslinking obtained after XL-MS on MerZ2 coiled-coil. The black loops represent the bonds between a lysine
and itself, while the pink curves represent the cross-links observed between two different lysines. (Bottom)
Graph showing the number of times the same cross-linking was detected by MS (Hitcount) as a function of the
distance between the a-carbons of the cross-linked lysines. The validity threshold for measurements at 27 A is
represented by a vertical dashed line. The corresponding data are shown in Appendix 2. (A) XL-MS results on
the cc of Mer2 (0.54 ug/ul) and (B) XL-MS results on the cc of MerZ in dilute condition (0.08 ug/ul). (C) Graph
showing the percentage of XL with a distance of more than 27 A (projected onto the model predicted by
AlphaFold) for the first condition where the proteins are concentrated and for the condition where the proteins
are diluted almost 7 times.

The remaining long-range XL (Figure 45B) can be explained by the fact that XL
inter-coiled coil remains or by the fact that the coiled coil has a flexible region at its center
(however, this hypothesis is not confirmed by a SAXS experiment (Daccache et al. 2022)).
The only result that can be drawn from this experiment is the fact that the dilution
experiment indicates that the concentration-dependent long-range crosslinks are
evidence of inter-tetrameric interactions. Since SEC-MALS and SAXS indicate that the
protein forms mostly tetramers, these intermolecular interactions are likely weak and
transient, a property that presumably participates in Mer2 condensation.
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2.2 Conservation of DNA binding of the coiled-coil domain

It has been shown that the coiled coil of IHO1, similarly to Mer2, is sufficient to
bind the DNA and that a branched substrate is preferred >20-fold to a linear substrate
(Figure 46A). This indicates that the tetrameric IHO1 coiled-coil domain undergo
multivalent protein-DNA interactions (Daccache et al. 2022).

By mutating the residues K121, K122, R123 and R124 (mutant KKRR) positively
charged that point outward the coiled coil (Figure 46C) to alanine, the DNA binding by
the coiled-coil domain of IHO1 is inhibited (Figure 46B). These amino acids are therefore
responsible for the DNA-binding activity of this protein.
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Figure 46: DNA binding properties of the coiled-coil of IHO1. (A) Competition assay of IHO1 coiled-coil
domain (600 nM) binding to a fluorescent H] substrate (10 nM) in the presence of unlabeled HJ or dsDNA
substrates. Error bars are ranges from two independent experiments (some are too small to be visible)
(Daccache et al. 2022). (B) Gel-shift assay of different concentration of IHO1 coiled-coil domain WT and the
coiled-coil domain of IHO1 with the following mutation: K121, K122, R123, R124A binding to fluorescently-
labeled HJ substrate. Error bars are ranges from two independent experiments (some are too small to be
visible) (Daccache et al. 2022). (C) AlphaFold representation of the coiled-coil tetrameric domain of IHO1with
the positive amino acids K121, K122, R123 and R124 pointing outwards from the complex highlighted in red.
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We are also able to detect that the coiled coil of Rec15 is sufficient to bind DNA by
a gel-shift assay. Furthermore, by substrate competition EMSA, this protein has a ~17-
fold preference for the branched substrate type H] over a linear dsDNA substrate,
meaning that this tetrameric coiled-coil domain mediates multivalent DNA-protein
interactions (Figure 47A).

By mutating amino acids K134, K135, K141, K142, R143 (mutant 5KR) to alanine,
we are able to completely inhibits Rec15 binding to the DNA showing that these residues
are responsible for the DNA binding property of this protein (Figure 47B). These amino
acids are positively charged pointing outward of the coiled coil (Figure 47C).
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Figure 47: DNA-binding properties of the coiled coil of Rec15. (A) Competition assay of Rec15 coiled-
coil domain (600 nM) binding to a fluorescent H] substrate (10 nM) in the presence of unlabeled HJ or dsDNA
substrates. Error bars are ranges from two independent experiments (some are too small to be visible). (B)
Gel-shift assay of different concentration of Rec15 coiled-coil domain WT and the coiled-coil domain of Rec15
with the following mutation: K134, K135, K141, K142, R143A (5KR) binding to fluorescently-labeled H]
substrate. Error bars are ranges from two independent experiments (some are too small to be visible). (C)
AlphaFold representation of the coiled-coil tetrameric domain of Rec15 with the positive amino acids K134,
K135, K141, K142 and R143 pointing outwards from the complex highlighted in red. (D) Purification of the
tagged coiled-coil domain of the mutant 5KR of Rec15.
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An EMSA performed on the others coiled coil tagged showed that the coiled coil of
PAIR1 is sufficient to bind with a substrate of H] type DNA because complexes in the gels
and in the wells can be observed. This EMSA was realized with the special TAE: 0.1 mM
EDTA, 4 mM Tris at pH 8.3, 4 mM NaOAc, 0.2 mM MgOAc (Figure 48A).
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Figure 48: DNA binding properties of the coiled-coil of PAIR1, PRD3 and ASY2. (A) Gel-shift assay of
different concentration of PAIR1 tagged coiled-coil domain. This gel shift was realised using a special TAE (0.1
mM EDTA, 4 mM Tris at pH 8.3, 4 mM NaOAc, 0.2 mM MgOAc and the gel migrate 4h at 100V). (B) Gel-shift
assay of different concentration of ASY2 and PRD3 tagged coiled-coil domain. Error bars are ranges from two
independent experiments (some are too small to be visible).

The coiled coils of PRD3 and ASY2 do not show a DNA binding for concentrations
below 2800 nM. However, a complex located slightly above the unbound HJ band is visible
for a concentration of 2800 nM. This can be explained by the fact that the complex formed
by DNA and proteins is rapidly dissociated at the beginning of electrophoresis due to lack
of strong interaction. This can also be explained by the presence of a possible
contaminant that can bind the DNA, because our non-tagged proteins have not been run
on size exclusion chromatography and, as can be seen on the purification gels (Figure 35),
there are other proteins or degraded proteins present. It could be that small
contaminating proteins are bound to the DNA and that, as a result, a change in the
progression of the DNA is visible Figure 48B.
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2.3 Stability of the coiled coils in different buffers

To validate the structure of these coiled coils with a high resolution, it might be
possible to carry out crystallography of these coiled coils. However, before we can do this,
we need to test the stability of these coiled coils in different solutions containing different
salt concentrations and at room temperature. A protein will not be stable if it precipitates.
The proteins were then dialyzed O/N in solutions with different salt concentrations and
then centrifuged. If the proteins remained soluble, they would be found in the
supernatant, whereas if precipitates were obtained, they would be found in the pellet.

For HisSUMO-ccIHO1, the protein does not appear to be stable in a buffer with a
salt concentration of 0 mM because most of the protein is found in the sample pellet,
indicating that it has precipitated. However, it is stable under the other conditions tested.
For the other coiled coils, the majority of the protein was found in the supernatant of the
samples, regardless of the buffer tested, indicating a certain stability of the protein as it
did not precipitate. To conclude, all tagged coiled coil are stable at a salt concentration of
50 mM (Figure 49).
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Figure 49: Stability test. Stability test for HisSUMO-tagged coiled-coils of IHO1, PRD3, Rec15, PAIR1 and
ASY2 performed with 10ul of protein in different buffer containing different salt concentrations at room
temperature and with 20mM Tris. Where NB = "normal buffer”, being the base buffer in which the proteins
are stored (Here, Buffer C), P = pellet and S = supernatant.
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V Discussion and perspectives

1. Structural conservation of Rec114-Mei4 and Mer2

The orthologs of the S. cerevisiae RMM complex have evolved rapidly and have not
retained their amino acid sequence. However, despite the difference in sequences,
AlphaFold proposes a highly conserved structure for these proteins.

In fact, the minimal RM complex of the different orthologs predicted by AlphaFold
shares a structure that is highly similar, composed of two a-helices belonging to two
different Rec114 which form a ring in which a Mei4 a-helix is inserted. Several ways to
validate these structures have been tested. Rec114-Mei4 interaction domains are
conserved in M. musculus, S. pombe, A. thaliana, and Z. mays because we can copurify all
of these minimal domains together. This is particularly important for the minimal
complex of PHS1 and MPS1 from Z. mays, as the role of MPS1 in DSB formation has not
been tested in vivo, telling us that MPS1 is likely a Mei4 ortholog.

Concerning the validity of the structural models proposed by AlphaFold of the M.
musculus, S. pombe and A. thaliana complex, it was shown by a Pulldown that certain
amino acids of the Rec114 ortholog, identified as pointing towards the Mei4 ortholog on
the model, play an essential role in the protein-protein interaction of this complex. This
confirms the significance of the three-dimensional representations of these complexes.
As a reminder, these amino acids are as follows: F230, F240 and F243 for REC114 (M.
musculus), Y320, F325 and L328 for Rec7 (S. pombe) and Y284, F290 and L294 for PHS1
(A. thaliana). All these amino acids are found in SSM7, identified in the C-terminal part of
the orthologs of Rec114 (Figure 15).

The phenylalanines occupying a position similar to that of F411 in the S. cerevisiae
complex (that is required to maintain the interaction between Rec114 and Mei4) appear
to retain its structural role, since mutating this residue reduces the protein-protein
interaction of the orthologs of Rec114 and Mei4. In mouse, the effect of the single
mutation of this phenylalanine F240 is sufficient to notice a significant decrease in the
interaction, unlike the S. pombe and A. thaliana complex where more mutations are
required to observe a negative impact on the interaction between RM.

However, for the Rec7-Rec24 complex of S. pombe, it has been shown in vivo that
the simple mutation of phenylalanine F325 is sufficient to inhibit the formation of DSBs
and the interaction between the two proteins (Steiner, Kohli, and Ludin 2010). This can
be explained by the fact that the stringency of the protein interaction is stronger in vivo
than in vitro, despite the presence of detergent (0.5% Triton x100), a high salt
concentration (500 mM NaCl) and numerous column washes, which was still insufficient
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to show, in vitro, the inhibition of interaction between Rec7 and Rec24 by the F325
mutation of Rec7. In addition, it should be remembered that this experiment was carried
out using proteins overexpressed in E. coli, so the concentration of proteins is much
higher than in vivo. By mutating the F325 amino acid to alanine, we showed, in vitro, that
the interaction between the two proteins in the complex was reduced. We can therefore
assume that the dissociation constant (Kd) of this complex has increased compared with
that of the WT complex (which has a lower Kd). Therefore, it is possible that the in vivo
concentration of these proteins is below the threshold K4 value of the mutant and not of
the WT, so that the complex for the mutant cannot associate, whereas it can associate for
the WT. In vitro, however, we are working with much higher protein concentrations,
which can exceed both Kd values allowing the two different complexes to be formed.

Concerning the Pulldown assay of the Z mays complex, we can see that the
mutations of residues F327, L334 and 1338 do not have a negative effect on the
interaction between the two proteins in the complex, although the residues point towards
the inside of the complex represented by AlphaFold. In fact, the simple mutation of the
phenylalanine F327, which is evolutionarily conserved, impacts positively this
interaction. We can therefore assume that this model is not supported by this
mutagenesis. If we take a look at the accuracy of the prediction of the structural model,
we can see that the pLDDT score from AlphaFold of the PHS1-MPS1 minimal complex is
weak (Figure 50), this complex has a low confidence score.

A. thaliana

Low MM High
Figure 50: Confidence score of the AlphaFold representations of the RM complexes. Color-coded
AlphaFold representation of the minimal complexes of the RM orthologs highlighting the hydrophobic amino
acids identified as pointing towards the interior of the protein complex that were mutated for the Pulldown
experiment. Red represents a high confidence score; blue indicates a low confidence score.
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For the other complexes, the predicted structures all have a higher confidence
score, shown in red. The value of the prediction is therefore higher and it was validated
by the Pulldown. Another way of verifying these AlphaFold models would be to analyze
them using NMR spectroscopy, as was done for the S. cerevisiae complex (Daccache et al.
2022). However, in order to obtain a higher resolution and more accurate representation
of these minimal complexes, crystallography or Cryogenic electron microscopy (Cryo-
EM) could be envisaged.

AlphaFold predictions of Mer2 orthologs coiled coil domains are validated by SEC-
MALS and SAXS experiments. That showed that the tetrameric and parallel structure of
the Mer2 coiled coil is well conserved for the orthologous coiled-coil domains tested (that
of IHO1 (M. musculus), Rec15 (S. pombe), PRD3 (A. thaliana), PAIR1 (Z. mays) and ASY2
(S. macrospora)). Crystallography or Cryo-EM could be used to provide a higher
resolution and more accurate representation of these coiled-coil domains.

2. DNA-binding properties conservation of RMM

Only the full-length REC114-MEI4 complex from mouse was tested and showed to
maintain the DNA-binding function shown in S. cerevisiae. It also has a preference for a
branch DNA substrate, meaning that this complex of proteins mediates multivalent DNA-
protein interactions, like its S. cerevisiae counterpart. But in our experiments, the minimal
complex of REC114-MEI4 is not sufficient to bind DNA. However, another study was able
to show the binding of this minimal complex to DNA in vitro by EMSA (Liu et al. 2023).
Their protein concentration tested is much higher than the one we tested, the size, the
shape of the substrate and the migration buffer were different from ours. In addition,
Karen Mechleb, from the laboratory where I did my master thesis, carried out an AFM
experiment on this untagged minimal trimeric complex and demonstrated DNA-binding
activity (Figure 35) (Daccache et al. 2022). This indicates that the mouse minimal
complex can bind to DNA.

In our experiments, it has been shown, that only the A. thaliana minimal complex
retains the DNA-binding function of the S. cerevisiae minimal complex. However, proteins
do have the potential for bivalent interaction with DNA due to their positively-charged
amino acid patches, which point outwards from the complex predicted by AlphaFold
(Figure 19). This means that the DNA-binding activity of these minimal complexes is less
robust than the DNA-binding activity of the S. cerevisiae minimal complex.

Failure to detect DNA binding for minimum complexes orthologous to Rec114-
Mei4 in our EMSAs can be partly explained by the fact that the electrostatic surface
potential of the orthologous complexes is significatively more electronegative than the S.
cerevisiae complex (Figure 51). Given that DNA is negatively charged, so the affinity for
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these proteins is lower than for the S. cerevisiae complex which is more electropositive.
[t could mean that the protein-DNA complexes are linked only by weak interactions that
are immediately broken on initiation of electrophoresis and migration in the gel, which
may explain the fact that we do not measure any binding. In fact, evidence for this
hypothesis is provided by the EMSA realized on the mouse FL proteins shown in Figure
32, which shows that the protein-DNA interaction is immediately interrupted at the start
of the EMSA. In addition, AFM experiments performed on mouse proteins show that these

proteins bind to DNA (Figure 35).
REC114@10259_ME4(-59 Rec72%39_Rec24(50)
$8 '

@ o fo

S. cerevisiae
Rec114@75428_Mei4(1-43)

Figure 51: Electrostatic potential of orthologous complexes at RM. electrostatic potential of orthologous
complexes at RM. Surface electrostatic potential of the minimal complex of Rec114-Mei4 from S. cerevisiae and
orthologs from mouse, S. pombe, A. thaliana and Z. mays. Blue represents an electropositive surface potential
while red represents an electronegative surface potential (Daccache et al. 2022).

Other techniques that destabilize protein-DNA interactions less than EMSA could
be tested to demonstrate this binding, such as filter binding assay or an ELISA-type
microtiter method consisting by fixing DNA and quantifying the proteins attached to it after
several washes using antibodies specific to a tag to which the proteins are fused. In addition,
the same experiment as for the mouse mRM in AFM could be carried out on the other
minimal complexes.

Another possible explanation for the low affinity of RM complexes to DNA is that
it has been shown in vivo in S. cerevisiae that Mer2 binds to chromosomes independently
of the RM complex. This is not the case for Rec114-Mei4, which needs Mer2 to bind to
DNA. We can therefore assume that the DNA-protein interactions of the RM complex are
less important than the protein-protein interactions that would attract them to the
nucleoprotein axis where Mer2 is bound the chromosomes (]J. Li, Hooker, and Roeder
2006).

Moreover, since the full-length proteins were not tested, it cannot be concluded
that the function of the Rec114-Mei4 proteins is not evolutionarily conserved, since the
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parts essential for DNA binding could also be outside the minimal complex tested. EMSAs
could therefore be carried out on these full-length proteins.

Concerning the DNA-binding of coiled coils, only the coiled-coil domains of IHO1,
Rec15 and PAIR1 showed DNA binding under the tested conditions, as did the coiled-coil
domain of Mer2. The DNA binding function therefore appears to be conserved for these
Mer?2 orthologous proteins. The coiled coils of IHO1 and Rec15 both show a preference
for branched DNA substrates meaning that these tetrameric coiled-coil domains mediate
multivalent DNA-protein interactions, similar to Mer2. We are able to identify [HO1 and
Rec15 amino acids that are responsible for the DNA-binging (K121, K122, R123 and R124
for IHO1 and K134, K135, K141, K142 and R143 for Rec15). The position of these amino
acids is not conserved but the DNA-binding activity well. The binding of these two coiled
coils to DNA was also demonstrated by AFM experiments (carried out by Karen Mechleb).
In addition, she showed that the Rec15 coiled coil formed condensates in the presence of
DNA (Figure 52).

IHO1¢
+ plasmid DNA - DNA

Rec15¢
+ plasmid DNA
OO 125 " 500nm
Height (nm)

Figure 52: AFM imaging of IHO1 and Rec15 coiled coil. AFM imaging of 1 nM plasmid DNA (top) and coiled
coil of IHO1 (100 nM), (bottom) and coiled coil of Rec15 (50 nM left and 100 nM right) (Daccache et al.
2022).

Concerning the coiled coil of PRD3 and ASYZ, there is the assumption that these cc
bind to DNA but with a very low binding intensity because these complexes could have
disassociated very early on during EMSA. To test this, experiments like AFM, filter binding
assay or ELISA could be tested

In Mer2, residues of the C-terminal part of the protein, outside the coiled coil, bind
to DNA and are shown to be important but not essential for this binding (Claeys Bouuaert,
Pu, et al. 2021). Other EMSAs could be carried out on the full-length proteins. Therefore,
no hasty conclusions concerning the DNA binding function of Sordaria macrospora
(ASY2) and Arabidopsis thaliana (PRD3) can be drawn because it could be that the
element essential for DNA binding is located outside the coiled coil. No non-conservation
of function can therefore be deduced for the ASY2 and PRD3 proteins compared with
Mer2.
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V| Conclusion

The aim of this master thesis was to study the conservation of structure and
function of S. cerevisiae RMM proteins during evolution, despite their great divergence in
the amino acid sequence. Given that the RMM complex cannot be purified together, the
study was separated into two distinct parts: one on the Rec114-Mei4 complex and the
other on Mer2.

To study the conservation of the structure of the minimal Rec114-Mei4 complex
composed of the C-terminal part of Rec114 and the N-terminal part of Mei4, structural
models were proposed by AlphaFold. All these models resemble each other (two a-
helices of two Rec114 forming a ring in which one a-helix of Mei4 slides) and the aim was
to test the interaction domains between the proteins and eventually identify the amino
acids importantin this protein-protein interaction based on the predicted structures. The
following minimal complexes were studied: REC114210-259-MEI41-58 (M. musculus),
Rec7289-339-Rec241-50(S. pombe), PHS1260-310-PRD21-50 (A, thaliana) and PHS1297-347-
MPS11-87 (Z. mays). The structural models were partially confirmed by mutagenesis for
the mouse, S. pombe and A. thaliana complexes, where the structural function of the F411
amino acid in S. cerevisiae appears to be preserved, whereas the model proposed by
AlphaFold was not confirmed by our mutagenesis for the Z. mays complex. However, it is
important to note that the PHS1 and MPS1 proteins of Z. mays were able to be copurified
whereas no study has yet shown their interaction, which means that the interaction
domains are still conserved and that MPS1 can be the Mei4 ortholog. The homotetrameric
and parallel structure of the Mer2 coiled-coil domain appears to be conserved for the
orthologs tested: IHO1 (M. musculus), Recl15 (S. pombe), PRD3 (A. thaliana), PAIR1 (Z
mays) and ASY2 (S. macrospora).

Concerning the conservation of the binding function of the RMM complex to DNA,
it was shown that the mouse RMM complex conserves this function and have a preference
for branched DNA substrates which highlight on the multivalent side of the interactions
between DNA and proteins. The residues essential for DNA binding of the Mer2 ortholog,
[HO1, are located in the N-terminal part of the coiled coil. Concerning the S. pombe RMM
proteins, this study showed that the Mer2 ortholog, Rec15, was bound to DNA and that it
prefers branched DNA. We also show that de C-terminal part of the coiled coil contains
the essential residues for this binding., whereas the Rec7-Rec24 minimal complex was
not sufficient to draw any conclusions. In the A. thaliana complex, the coiled-coil domain
of PRD3 did not show clear binding to DNA. However, the minimal parts of the PHS1-
PRD2 complex were sufficient to bind DNA, so the DNA-binding function was retained.
For the Z. mays RMM complex, the coiled-coil domain of PAIR1 is sufficient to bind DNA
whereas no DNA binding could be detected for the RM (PHS1-MPS1) complex. Finally,
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only the Mer2 ortholog of S. macrospora was studied and the coiled-coil domain of ASY2
did not show DNA binding. No orthologs to the Rec114-Mei4 complex were found in S.
macrospora.
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VIl Material and method

1. Solutions

Table 2: Table of solutions used in the experiments of this master thesis

Solution

Composition

Buffer A40

25 mM HEPES-NaOH pH 7.5, 500 mM NaCl (or 300 mM NaCl
if specified), 10% glycerol, 0.1 mM DTT, 40 mM imidazole,
sterile water to bring to desired volume

Buffer A40 + PMSF

Buffer A40 + 0.4 mM PMSF fresh before use

Buffer A40 + Triton

Buffer A40 (with 300 mM NaCl) + 0.5% Triton x100

Buffer Amylose

25 mM HEPES-NaOH pH 7.5, 500 mM Nac(l, 10% glycerol, 0.1
mM DTT, sterile water to bring to desired volume

Buffer Amylose Elution

Buffer Amylose with 10mM maltose

Buffer C 25 mM HEPES-NaOH pH7.5, 500 mM NaCl, 10% glycerol, 1
mM DTT, 5mM EDTA, sterile water to bring to desired
volume

Buffer B500 Buffer A40 with 500 mM imidazole final

Coomassie Blue
Staining Solution

0.1% Coomassie R250, 10% glacial acetic acid, 40%
methanol, sterile water to bring to desired volume

Destain

50% sterile water, 40% methanol, 10% glacial acetic acid
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5x Ficoll Loading Buffer 0.01 M Tris-HCI pH 8, 0.001M EDTA, 0.2 g/ml Ficoll, 2 mg/ml

Bromophenol Blue, 2 mg/ml Xylene Cyanol FF, 0.1% SDS,
sterile water to bring to desired volume

Laemmli Buffer

50 mM Tris-HCl pH 6.8, 2% SDS, 0.1 % Bromophenol Blue,
40% glycerol, 50 pl/ml -mercaptoethanol

LB

10 g/1 Bacto-tryptone, 5g/1 Bacto-yeast extract, 10 g/l NaCl,
sterile water to bring to desired volume

Lysis Buffer (Insect
Cells)

50mM HEPES pH 7.5, 1:500 PI green, 1:500 PI red, 1 mM
PMSF, 0.17 mM DTT, 65 mM imidazole, sterile water to bring
to desired volume

MES Buffer 50 mM MES, 50 mM Tris, 1 mM EDTA, 0.1% (w/v) SDS

SOC 2% Bacto-tryptone, 0.5 % Bacto-yeast extract, 10mM NacCl,
2.5 mM KCl, 10 mM MgClz, 10 mM MgSOa4, 20 mM Glucose
(Dextrose), sterile water to bring to desired volume

Special TAE 0.1 mM EDTA, 4 mM Tris at pH 8.3, 4 mM NaOAc, 0.2 mM
MgOAc

TBE 108 g/l Tris, 55 g/l Boric acid, 0.04 M Na:EDTA (pH 8.0),
sterile water to bring to desired volume

TE 10 M Tris-HCl pH 8, 1 mM EDTA, sterile water to bring to

desired volume

Tris-Glycine

(4 x concentrated) 12 g/1 Tris, 1.5 g/l Na2EDTA, 4 g/1 SDS,
57.6 g/1 glycine, sterile water to bring to desired volume
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2. PCR primers

Table 3: Table of primers used to create various plasmids

Primer Sequence Direction Use Organism
name
CCB1486 ggattggaagtacaggttttc Reverse Open pDD092 and  Mus musculus
pDD094 without and A.
MEI4 thaliana or Z.
mays
CCB1500 tccaccaatctgttctctg Reverse Open pDD066 Mus musculus
without REC114
CCB1501 attcgagctcggcgc Forward  Open pDD066 Mus musculus
without REC114
CCB1504 ctcgagtctggtaaagaaac Forward  Open pDD092and  Mus musculus
pDD094 without and A.
MEI4 thaliana or Z.
mays
DD127 cagcagctgtggaagaggtg Forward  REC114-F243A Mus musculus
DD128 ggaagttttgatccatgag Reverse REC114-F243A Mus musculus
DD129 caaaacgccccagcatttg Forward = REC114-F240A Mus musculus
DD130 atccatgagacataagcg Reverse REC114-F240A Mus musculus
EDJ12 gcagtagaggcaattatcgacga Forward  PHS1-K296A, A. thaliana
aattg K299A
EDJ13 ctgcagcatatcttgaaatgaaga Reverse PHS1-K296A, A. thaliana
atc K299A
ED]14 gcgtcgcagatactgaag Forward = PHS1-K278A A. thaliana
EDJ15 tagatcaggattctgc Reverse PHS1-K278A A. thaliana
EDJ]18 gccatccaagcatgtcaaagtttg Forward — Rec7-Y320A, L328A  S. pombe
gaac
EDJ19 gctgtcttgttttagagcgaataat Reverse Rec7- Y3204, S. pombe
accttg L328A
EDJ20 cttcagctcaagatatgctgcag ~ Forward  PHS1-F290A A. thaliana
ED]21 aatcttccatgtacttcagtatc Reverse PHS1-F290A A. thaliana
EDJ]22 gaagaatcttccatggccttcagta Reverse PHS1- Y284A, A. thaliana
tctgeg L294A
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EDJ]23 agctcaagatatggcgcagaaag Forward  PHS1-Y284A, A. thaliana
tagagag L294A

EDJ]24 aacatatcattagcggattcatca  Reverse PHS1-F327A Z. mays
gccatatatg

ED]25 gctcaagcttgataaagccattg  Forward ~ PHS1-F327A Z. mays

EDJ]26 gctcaaggctgataaagecgetga Forward — PHS1-L334A,1338A  Z mays

tgaacttggtg

3. Plasmids

Table 4: Table of the different plasmids used in this master thesis. All protein sequences are in Appendix 3.

Plasmids Description Antibiotic  Organism
resistance
marker
pCCB982 HisSUMO-IH(Q1109-267 Kan Mus Musculus
pCCB983 HisSUMO-REC114, MBP-MEI4 (full- Amp Mus musculus
length)
pCCB990 HisSUMO-PRD3120-270 Kan Arabidopsis thaliana
pCCB991 HisSUMO-Rec151-160 Kan Schizosaccharomyces
pombe
pCCB992 HisSUMO-ASY255-275 Kan Sordaria macrospora
pCCB993 HisSUMO-PAIR1140-310 Kan Zea mays
pDD066  HisSUMO-REC114210-259 MBP- Amp Mus musculus
MEI41-58
pDD085  HisSUMO-Rec728%-339, MBP- Rec241- Amp Schizosaccharomyces
50 pombe
pDD086 HisSUMO-Rec151-160 (K134, K135, Kan Schizosaccharomyces
K141, K142, R143A) pombe
pDD091  HisSUMO-Rec7289-339 (F325A), Amp Schizosaccharomyces
MBP-Rec241-50 pombe
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pDD092  HisSUMO-PSH1260-310, MBP-MEI41- Amp Arabidopsis thaliana /

58 Mus musculus

pDD093  HisSUMO-PSH1260-310, MBP-PRD21- Amp Arabidopsis thaliana
50

pDD094  HisSUMO-PSH1297-347 MBP-MEI41- Amp Zea mays | Mus
58 musculus

pDD095  HisSUMO-PSH1297-347 MBP-MPS11- Amp Zea mays
87

pEDJ07 HisSUMO-PSH1260-310 (K296, Amp Arabidopsis thaliana
K299A), MBP-PRD21-50

pEDJ09 HisSUMO-PSH1260-310 (K278, K296, Amp Arabidopsis thaliana
K299A), MBP-PRD21-50

pEDJ10 HisSUMO-Rec7289-33% (Y320, F325, Amp Schizosaccharomyces
L328A), MBP- Rec241-50 pombe

pEDJ11 HisSUMO-PSH1260-310 (F2904), Amp Arabidopsis thaliana
MBP-PRD21-50

pEDJ12 HisSUMO-PSH1297-347 (F327A), Amp Zea mays
MBP-MPS11-87

pEDJ13 HisSUMO-PSH1260-310 (Y284, F290, Amp Arabidopsis thaliana
L294A), MBP-PRD21-50

pEDJ14 HisSUMO-PSH1297-347 (F327, L334, Amp Zea mays

1338A), MBP-MPS11-87

3.1 Tags fused protein

Proteins were fused to different tags at their N-terminal part. Either the HisSUMO
(Small Ubiquitin-like Modifier) tag (for Rec114 and Mer2 orthologs) or the MBP (Maltose
binding protein) tag (for Mei4 orthologs). Indeed, these tags are amino acid sequences,
which are fused to the amino acid sequence of the proteins of interest and which aim to
facilitate their purification. Indeed, the HisSUMO tag is retained on a Nickel column and
can be eluted by saturating the Nickel column with imidazole. The MBP tag is retained on
an Amylose column and can be eluted with a maltose rich solution.

The HisSUMO tag consists of 122 amino acids and has a molecular weight of 13.8
kDa. It has the characteristic of having 6 histidines, allowing for better affinity and
specificity to a Nickel column. HisSUMO allows better expression and solubilization of the
protein. The HisSUMO tag can be cleaved by a SUMO protease such as Ulp1 (Ubl-specific
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protease 1)(« SUMO Tag and SUMO Tag Purification | Sino Biological » s.d.; « SUMO
Protease Small Ubiquitin-Like Modifier Protease Sigma » s. d.) .

The MBP tag consists of 393 amino acids and has a molecular weight of 43 kDa.
This tag is also known to increase the solubility of proteins to which it is fused (« MBP
Affinity Tag | NEB » s.d.). To this tag is fused a TEV cleavage site, which is a sequence
recognized by the TEV enzyme, which will come and cleave the protein at this point. This
allows the TAG to be removed. This sequence contains 7 amino acids.

3.2 Use of the operon LacO

For each of these plasmids, the gene for the proteins of interest is preceded by the
gene for the lactose operon LacO:

Sequence: 5’-GGAATTGTGAGCGGATAACAATT- 3’

This makes protein expression inducible by adding IPTG to the culture medium.

4. Preparation of expression vectors

All plasmids whose synthesis is not detailed below have been synthesized by Dima
Daccache.

The REC114 C-terminal domain from pDD066 was replaced by the C-terminal part
of PHS1 of A. thaliana and of Z. mays using primers CCB1500 and CCB1501 and cloned
into pDD066 vector by Gibson assembly to yield pDD092 and pDD094 respectively. The
gene coding for MEI4 was replaced in pDD092 by the gene coding for PRD3 (A. Thaliana)
to obtain plasmid pDD093 and by the gene coding for MPSI (Z. mays) in pDD094 to obtain
plasmid pDD095 and it was carried out by the primers CCB15004 and CCB1486 and by a
Gibson assembly.

Other plasmids were prepared by a reverse Polymerase Chain Reaction. In a PCR
tube, 1 pl of ANTP, 0.5 ul of template, 10 pl of Q5 reaction buffer®, 10 pl of enhancer
buffer®, 1.5 pl of each primer, 26.5 pl of sterile water and 0.5 pl of Q5 enzyme were mixed
or 2 ul of ANTP, 2.5 ul of each primer, 10 pl of Phusion® Buffer, 0.3 ul of template and 31.7
ul of sterile water were mixed with 1l of Phusion polymerase depending on the plasmid
(Table 5).

Each sample was put at a denaturation temperature of 98°C for 30 s. Then, 35
cycles of denaturation at 98°C for 20 s, hybridization at 56°C for 30 s and polymerization
at 72°C for 4 min. Finally, the elongation was at 72°C for 7 minutes.
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Table 5: PCR template, primers and polymerase used to create plasmids where a mutation in the ortholog of
Rec114 is added.

Desired  Polymerase Template Forward Reverse Added Organisms
plasmid primer primer mutation of protein
in
Rec114
ortholog
pCCB988 Q5 pCCB984 DD129 DD130  F240A M.
musculus
pCCB989 Q5 pCCB984 DD127 DD128  F243A M.
musculus
pEDJ10 Phusion pDD091 EDJ18 EDJ19 Y3204, S. pombe
L328A
pEDJ11 Phusion pDD093 EDJ20 EDJ21 F290A A. thaliana
pEDJ12 Phusion pDD095 ED]25 EDJ]24 F327A Z. mays
pEDJ]13 Phusion pEDJ11 ED]23 ED]22 Y284A, A. thaliana
L294A
pED]14 Phusion pEDJ12 EDJ26 ED]24 L334A, Z. mays
L338A

After the PCR: The template was digested with Dpnl (30 pl of PCR product with
9.5 ul of sterile water, 4.5 pl of Cutsmart® and 1 pl of Dpnl) and incubated for 1 h at 37°C.
9 ul of 5x Ficoll loading buffer was added to the sample and the sample was migrated in
a 1% Agarose gel with 20000-fold diluted Midori Green and TBE with 100 V current for
40 min. Then the correct size DNA band was extracted from the gel by a gel extraction
(Protocol in the Appendix 4). Once done, the ends of the amplified DNA fragment were
phosphorylated by adding 3 pl of ligase buffer (10 mM ATP) and 0.5 pl of PNK enzyme.
After a 45-min incubation at 37°C, the enzyme is deactivated by incubating the solution
at 65°C for 20 min. Finally, a ligation of the phosphorylated DNA ends is performed by
adding 0.3 pl of PNK Buffer and 0.5 pl of ligase and incubating at RT for 1 hour. The
plasmid created is transformed into 100 pl of thermocompetent E. coli cells (strain
TOP10) following the protocol in point VIL5. A pre-culture is performed the next day
following point VIL.6. and the day after, a miniprep is performed to isolate the plasmid
DNA (protocol in Appendix 5).
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5. Transformation of plasmids into competent cells

0.5 to 1 pl of solution containing the plasmid of interest is added to 100 pl of
thermocompetent E. coli cells (strain BL21). The tubes are left on ice for 15 min. After a
heat shock at 42 °C for exactly 45 s, the cells were leaved on ice for 2 min. 950 pl of SOC
medium and the solution are transferred to a 14 ml round-bottom tube. After an
incubation of 1 h at 37°C, 100 pl of solution is spread on a petri dish with LB and the
appropriate antibiotic followed by an incubation at 37°C O/N.

6. Preculture

One of the colonies isolated from the petri dish is inoculated into 5 mL of liquid LB
with 100 pg/ml ampicillin or 50 pg/ml kanamycin. Incubate at 37°C O/N with shaking at
120 rpm.

7. Induction of protein expression

3 ml of the preculture is added to a 5 liters Erlenmeyer flask containing 1 liter of
LB with 100 pg/ml ampicillin or 50 pg/1 kanamycin and antifoam for protein purification
and 150 pl of preculture is added to a 50 ml Erlenmeyer for the Pulldown experiment.
Incubation at 37°C with 120 rpm agitation is maintained until an optical density (OD)
measurement of 0.6 is obtained. Once this stage is reached, protein expression is induced
with IPTG 1mM. Induction is stopped after an incubation time of at least 3 h at 30°C with
an agitation of 120 rpm. The medium containing the bacteria is centrifuged at 5000 rpm
for 10 min at 4°C and the pellet is resuspended in 40 ml of Buffer A40 or in 10ml of Buffer
A40 + Triton for the Pulldown experiment. The whole is poured into a 50 ml flask and
centrifuged again at 4200 rpm for 10 min at 4°C. Cell pellets were flash frozen in liquid
nitrogen and stored at -80°C.

8. Purification of mRM and cc of Mer2 orthologs

8.1 Tagged mRM purification (pDD085, pDD093, pDD095

First column: The bacterial pellets are resuspended in 30 ml of Amylose Buffer +
PMSF and sonicated on ice + water (5 s pulse, with a magnitude of 50 W/cm?2) for 4 min.
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The lysed cells are placed in a Ti45 ultracentrifuge tube and centrifuged for 25 min at
30000 rpm at 4°C. During this time, 3 ml of well-mixed Amylose resin is taken (this is
equivalent to approximately 1 ml of resin which allows the purification of 40 mg of
protein) and is transferred to a 50 ml Falcon and spin for 2 min at 1300 rpm. The ethanol
on the surface is aspirated and the resin is then washed with 45 ml of Amylose Buffer +
PMSF (spin for 2 min at 1300 rpm and the supernatant is aspirated). The resin washing
step is repeated once. Once the ultracentrifuge is complete, the supernatant is added to
the Falcon containing the resin and the Falcon is incubated for 30 min at 4°C on the hot
dog roller. The Falcon is then centrifuged for 2 min at 1300 rpm and the supernatant is
collected as a control. The resin is then washed with 40 ml of Amylose Buffer (incubated
for 3 min at 4°C on the hot dog roller, spin for 2 min at 1300 rpm and the supernatant is
aspirated). The resin is transferred to a 10 ml disposable chromatography column. Once
the resin is sedimented by gravity, 3 washes of the column are performed with Amylose
Buffer. Protein elution is performed by adding 4 ml of Amylose Elution Buffer
(fractionated into 500 pl). The presence of proteins is verified by an SDS-PAGE gel using
a Mini-PROTEAN TGX Gel 4-15% (with Tris-Glycine buffer) with 30 min of migration with
a current of 160V. The gel is revealed by Coomassie Blue staining solution and
decolorizing in Destain solution. Fractions are then selected and put on a second column.

Second column: 3 ml of Ni-NTA agarose resin (Qiagen) is pipetted and
transferred to a 50 ml Falcon and washed with Buffer A40 twice in the same way as for
the first column. The Amylose elution is added to the falcon and incubated for 30 min at
4°C on the Hot-dog roller. The falcon is then centrifuged at 1300 rpm for 2 min at 4°C and
the supernatant is collected as a control. The resin is then washed once with A40 buffer
and transferred to a 20 ml disposable chromatography column. The resin is sedimented
by gravity and then washed 3 times with A40 buffer. Elution takes place using 3 ml of
Buffer B500, fractionated into 500 pl fractions. Again, protein purification is verified by
an SDS-PAGE gel. After a 1 h dialysis in Buffer C, proteins were concentrated with a 10
kDa cutoff Amicon centrifugal filters (Millipore) and proteins were flash frozen in liquid
nitrogen and stored at -80°C.

8.2 Tagged and untagged cc of Mer2 orthologs purification
(pCCB990, pCCBY991, pCCB992, pCCBY993, pDD086)

First Ni column: Bacterial pellets are resuspended in 30 ml Buffer A40 + PMSF
and sonicated on ice + water (5 s pulse, with a magnitude of 50 W/cm?) for 4 min. The
lysed cells are placed in a Ti45 ultracentrifuge tube and centrifuged for 25 min at 30,000
rpm at 4°C. During this time, 3 ml of well-mixed Ni-NTA agarose resin (QIAgen) is taken.
This resin is transferred to a 50 ml Falcon and spin for 2 min at 1300 rpm. The ethanol
on the surface is aspirated and the resin is then washed with 45 ml of Buffer A40 + PMSF
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(spin for 2Zmin at 1300 rpm and the supernatant is aspirated). The resin washing step is
repeated once. Once the ultracentrifuge is complete, the supernatant is added to the
Falcon containing the resin and the Falcon is incubated for 30 min at 4°C on the hot dog
roller. The Falcon is then centrifuged for 2 min at 1300 rpm and the supernatant is
collected in another Falcon and kept as a control. The resin is then washed with 40 ml of
Buffer A40 (incubated for 3 min at 4°C on the Hot dog roller, spun for 2 min at 1300 rpm
and the supernatant is aspirated). The resin is transferred to a 10 ml disposable
chromatography column. Once the resin is sedimented by gravity, 3 washes of the column
are performed with A40 buffer. Protein elution is performed by adding 4 ml of Amylose
Elution Buffer (fractionated into 500 pl fractions).

The presence of proteins is verified by an SDS-PAGE gel using a Mini-PROTEAN
TGX Gel 4-15% (with Tris-Glycine buffer) with 30 min of migration with an electric
current of 160V. The gel is revealed by Coomassie Blue staining solution and decolorizing
in Destain solution.

If the gel shows the expected proteins, dialysis is performed with a 10 kDa cassette
in Buffer A40 over night to decrease the imidazole concentration.

Second Ni column (reverse Ni): The next day, the 4 ml of the elution from the
first Ni column is separated into 2 (one half will be the proteins retaining the HisSUMO
tag and for the other half, the tag will be cleared). For the half where the tag is to be
removed, 5 pl of Ulpl enzyme is added and the solution is incubated for 30 min at 4°C on
the hot dog roller. A reverse Nickel chromatography is prepared by pipetting 3ml of well-
mixed Ni-NTA agarose resin (QIAgen) into a 15 ml Falcon. The resin is washed once with
Buffer A40. Once the incubation with Ulpl is complete, the sample is incubated on the
resin for 30 min at 4°C on the hot dog roller. The solution is transferred to a 10 ml
disposable chromatography column. The flow through is collected and 600 pl of Buffer
A40 (representing the resin void) is added. The cleavage of the tag is checked via a Mini-
PROTEAN TGX Gel 4-15%. Finally, a 1 h dialysis in Buffer C (for both tagged and untagged
proteins) is performed and proteins were flash frozen in liquid nitrogen and stored at -
80°C.

8.3 Purification of the tagged cc for the SAXS experiment

Only the first column step of the coiled coil purification (with Buffer A40 with only
5% glycerol) is performed and followed by dialysis in Buffer C for one hour. The 4 ml of
elution is then concentrated to 1 ml with a 10 kDa cutoff Amicon centrifugal filters
(Millipore). This sample is passed through a Costar® to get rid of aggregates, if any, so as
not to block the column and followed by a size exclusion chromatography. The machine
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used is an AKTA pure with a Superose 6 Increase 10/300 GL column and a flow rate of
0.450 ml/min and the results were analyzed with a chromatogram and an SDS-PAGE gel.

After analysis of the chromatography peaks, the protein-containing fractions are
separated and the samples are concentrated to 1ml and placed in liquid nitrogen and
stored at -80°C.

The SAXS experiment was realized by Yann Sterckx and his team.

9. Purification of full-length mouse HisSUMO-REC114-
MBP-MEI4

At the time of my arrival in the lab, the insect cell pellets were already stored at -
80°C.

The pellet is resuspended in 26 ml of lysis buffer and thawed on a wheel or in a
beaker by gently mixing with a magnetic bar. 30 ml of 50% glycerol (cold) is added
followed by 10 ml of 5 M NaCl (cold) while mixing the sample. After 30 min incubation on
ice with low agitation, the solution is centrifuged at 48000 g for 30 min. Meanwhile, the
Ni-NTA resin (3 ml) is prepared in a 50 ml Falcon and washed with 40 ml A40 buffer by
centrifuging 2 min at 1000 rpm and discarding the supernatant. The sample supernatant
is incubated on the resin for 30 min at 4°C on the hot dog roller. 100 pl of PMSF is added
into each tube and the tubes are centrifuged at 1000 rpm for 2 min and the supernatant
is discarded. The resin is washed once with 40 ml buffer A40 + PMSF, PI green and Pl red.
The resin is transferred to a 10 ml disposable chromatography column. The Falcon is
rinsed with A40 buffer and this is used to wash the column. 6 times 1 ml of Buffer B500
+ PMSF are used to elute proteins and 15 pl of each fraction and 5 pl of Laemmli are taken
for an SDS-page gel. During Ni column wash, 2 ml of Amylose resin is transferred to a
disposable 10 ml chromatography column. The column is washed twice with 10 ml of
Amylose Buffer. The elution of the Ni column is loaded on the Amylose column and the
flow through is allowed to pass. The resin is washed 3 times with 10 ml of Amylose Buffer
and the proteins are eluted with 6 ml of Amylose Elution Buffer. The purified proteins
are analyzed via a Mini PROTEAN TGX Gel 4-15% with a migration of 30 min at 160 V.

10. Pulldown of mRM orthologs proteins

To show the interaction between two proteins, a Pulldown experiment is
performed. Indeed, this technique makes it possible to co-purify two or more proteins
that form a complex, which interact together.
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The pellet is resuspended in 1.3 ml of Buffer A40 + Triton and transferred to a 2
ml Eppendorf tube. Bacteria are sonicated on ice with water at a 5 s pulse of magnitude
50 W/cm? for 2 min. The tubes are centrifuged for 20 min at 15000 rpm at 4°C. During
this time, the resin is prepared by pipetting 200 pl of Ni-NTA resin into a disposable Bio-
Spin column. The resin sedimented by gravity and the resin washed once by filling the
column with Buffer A40 + Triton. The sample supernatant is incubated on the resin for
30 min at 4°C on a wheel. 5 washes of the column are performed with Buffer A40 + Triton.
The remaining proteins on the resin are eluted with 400 pl of Buffer B500. The protein
elution is verified by an SDS-PAGE gel.

11. EMSA

EMSA, electrophoresis mobility shift assay, is a technique for analyzing the binding
of a protein to DNA by migrating a solution through a polyacrylamide gel.

The composition of the gel is as follows: 5% polyacrylamide, TAE 1x, 0.66 % APS
and 1/1000 (v/v) TEMED. The gel is run in a TAE 1x buffer.

The reaction (20ul) is composed of 10 nM HJ40 labelled with a fluorophore, 25
mM Tris, 1 mg/ml BSA, 7.5% glycerol, 100 mM NacCl, 2ZmM DTT and the indicated protein
concentration. For the different protein dilutions tested, the proteins are always diluted
in Buffer C. The tubes are incubated for 30 min at 30°C with finger vortexing every 10
min. The gel is loaded and run in a cold room at 4°C and the gel migrates for 150 min at
150 V. Fluorescent gels are then visualized using a Typhoon scanner (Cytiva).

11.1 Competition EMSA

The EMSA testing the competition between two DNA substrates follows the same
principle as a classical EMSA with the exception that the reaction is composed of 10 nM
HJ40 labelled with a fluorophore, 25 mM Tris, 1 mg/ml BSA, 7.5% glycerol, 100 mM Nac(l,
2mM DTT, the indicated protein concentration and the indicate non-fluorophore labelled
competitor substrate concentration (HJ40 or 80 bp dsDNA).

12. Crosslinking-Mass spectrometry (XL-MS)

In order to test the structure of the proteins, a Crosslinking-Mass spectrometry
experiment was performed. In order to crosslink the proteins, 60 pg of proteins were
used. DTT was added to give 2 mM and the solution was incubated for 10 min at RT. DSS,
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the crosslinking agent, was then added to reach 1mM and the whole was incubated for 15
min at 30°C. To quench the unreacted DSS, Tris at pH 7.5 was added and allowed to react
for 10-15 min. The sample was then stored at -20°C. In order to verify that the XL had
worked, an SDS-PAGE gel of this sample compared to the non-XL protein, was run.

The proteins were digested with trypsin and analyzed by mass spectrometry by
Hervé Degand (Figure 53).

Spacer arm
Reactive group 11.4 A Reactive group
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Figure 53: XL-MS experiment synthesis. Diagram showing crosslink using the crosslinking agent DSS,
composed of two reaction groups and a 11.4 A spacer. The cross-linking agent will react with two lysines of
different proteins or of the same protein and then the proteins will be digested into peptides by trypsin. The
different fragments are then analyzed by mass spectrometry (modified from Calabrese and Radford 2018).

12.1 XL-MS in dilute condition

The same reaction conditions as explained above are used except that the 60 ug of
protein is diluted 10-fold.

Then, in order to concentrate the sample, acetone precipitation was carried out:
The sample containing the cross-linked protein is separated into several 1.5 ml
Eppendorf tubes. 4 times as much cold acetone (-20°C) as protein solution was added.
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The tubes were vortexed and incubated for 60 min at -20°C before being centrifuged for
10 min at 13000 rpm. The supernatant was discarded and the tubes were left open at RT
for a few moments to allow the remaining acetone to evaporate. The pellets were
resuspended to obtain sufficient volume to run the sample on the MS.

13. Coiled coil stability test in different buffers

Dialysis O/N at 4°C of 10 pl of solutions containing the coiled coils in 1.9 ml buffer
containing the following concentrations

1) 0 mM NaCl, 20 mM Tris, sterile water to bring to desired volume

2) 50 mM NaCL, 20 mM Tris, sterile water to bring to desired volume
3) 100 mM NacCl, 20 mM Tris, sterile water to bring to desired volume
4) 200 mM NaCl, 20 mM Tris, sterile water to bring to desired volume

The dialysis buffer is renewed in the morning and left for at least 3h at RT. The
samples containing the coiled coils are recovered and centrifuged for 10 min at 15000
rpm. The supernatant is pipetted and the pellet is resuspended in 10 pl of dialysis buffer.
The samples are analyzed on an SDS-PAGE gel.

14. Quantification of bands on gel

Image] software was used to quantify the intensity of bands formed by proteins
on an SDS-PAGE gel for Pulldowns or bands formed by fluorophore-labelled DNA on a
polyacrylamide gel for EMSAs.
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VIl Appendix

1. Distances measured of XL on the cc

Table 6: Table showing the XL distances measured considering intramolecular XL on the coiled-coil
domains orthologs of Mer2 and the number of times a XL is detected (Hitcount). c

Chain Residue Residue Hitcount Intramolécular Threshold

1 2 Distance (A) (274)
satisfied ?

IHO1 4 8 17 6,2

[HO1 4 14 4 15,3 S
[HO1 4 39 83 51,8 V
[HO1 4 46 28 61,8 V
[HO1 4 67 13 92,6 V
[HO1 4 87 4 121V
[HO1 8 13 4 85 S
[HO1 8 39 91 459 V
[HO1 8 46 9 56 V
[HO1 8 67 16 87 V
[HO1 8 87 1 1156 V
[HO1 8 116 2 157,2 V
[HO1 13 39 39 38,7 V
[HO1 13 46 3 489 V
[HO1 14 39 2 369 V
[HO1 39 46 75 10,3 S
IHO1 46 67 9 31,6 V
IHO1 67 67 11 0 S
IHO1 67 87 18 30,4 V
IHO1 67 112 10 67,7 V
IHO1 87 87 10 0 S
IHO1 87 112 2 374 V
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[HO1 87 150 4 933 V
[HO1 149 150 16 38 S
PRD3 1 95 39 1414 V
PRD3 15 15 53 0 S
PRD3 15 56 57 61,3 V
PRD3 15 68 27 79,7 V
PRD3 15 81 25 99,1 V
PRD3 15 87 30 107,2 V
PRD3 15 95 14 119 V
PRD3 15 103 5 1316 V
PRD3 15 112 11 1471 V
PRD3 15 130 12 173,6 V
PRD3 56 56 26 0 S
PRD3 56 68 56 189 S
PRD3 56 81 10 385 V
PRD3 56 87 37 47,3 V
PRD3 56 95 35 59,2 V
PRD3 56 103 15 716 V
PRD3 56 109 23 82,8 V
PRD3 56 112 37 87,2 V
PRD3 56 130 40 1136 V
PRD3 68 68 16 0 S
PRD3 68 81 31 20,2 S
PRD3 68 87 32 28,8 V
PRD3 68 95 15 40,7 V
PRD3 68 103 21 53 V
PRD3 68 130 8 948 V
PRD3 81 95 16 21 S
PRD3 81 103 2 332 V
PRD3 81 109 11 44,7 'V
PRD3 81 112 31 489 V
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PRD3 81 130 34 754 V
PRD3 87 103 18 24,4 S
PRD3 87 109 31 358 V
PRD3 87 112 23 40 V
PRD3 87 130 23 66,5 V
PRD3 95 103 6 12,6 S
PRD3 95 112 3 283 V
PRD3 103 103 8 0 S
PRD3 103 109 13 12,4 S
PRD3 109 112 20 5 S
Recl15 1 134 41 1986 V
Recl15 14 14 44 0 S
Recl5 14 27 24 19,8 S
Rec15 14 96 30 1245 V
Recl5 14 107 32 140,5 V
Recl15 14 113 15 149,2 V
Recl5 14 120 11 159,2 V
Recl15 14 134 11 179,2 V
Recl5 14 135 5 1816 V
Recl5 14 141 6 188,8 V
Recl15 14 148 20 1986 V
Recl5 27 135 5 163,2 V
Recl15 27 148 18 180,5 V
Recl5 43 113 1 106 V
Recl15 43 141 2 146 V
Rec15 43 148 4 1558 V
Rec15 96 96 37 0 S
Rec15 96 107 37 16,5 S
Rec15 96 113 17 26,3 S
Rec15 96 135 15 59,3 V
Rec15 96 141 4 67,8 V
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Rec15 96 148 32 77,9 V
Rec15 107 107 8 0 S
Rec15 107 113 27 10,2 S
Rec15 107 120 6 20,6 S
Rec15 107 135 12 429 V
Rec15 107 141 8 51,6 V
Rec15 107 148 46 61,7 V
Rec15 113 113 4 0 S
Rec15 113 135 6 339 V
Recl5 113 148 9 532 V
Rec15 120 135 10 23,1 S
Rec15 120 148 11 424 'V
Recl5 134 134 14 0 S
Rec15 134 135 6 39 S
Rec15 134 141 10 10,5 S
Rec15 134 148 15 21 S
Recl5 135 135 6 0 S
Rec15 135 141 6 10 S
Rec15 141 148 10 10,5 S
Rec15 148 148 19 0 S
PAIR1 21 31 42 149 S
PAIR1 21 51 15 449 V
PAIR1 21 63 40 63 V
PAIR1 21 73 13 781 V
PAIR1 21 76 6 82 V
PAIR1 21 82 5 90,1 V
PAIR1 21 90 18 102,3 V
PAIR1 21 105 16 1255 V
PAIR1 21 118 9 144V
PAIR1 21 125 9 1543 V
PAIR1 21 147 4 1855 V
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PAIR1 21 152 15 194,3 V
PAIR1 31 51 62 309 V
PAIR1 31 73 47 64 V
PAIR1 31 76 8 68,1 V
PAIR1 31 118 2 130 V
PAIR1 31 125 32 140,3 V
PAIR1 31 147 36 1714 V
PAIR1 31 152 25 180,1 V
PAIR1 51 51 43 0 S
PAIR1 51 63 4 189 S
PAIR1 51 73 105 341 V
PAIR1 51 76 8 385 V
PAIR1 51 82 2 474 V
PAIR1 51 90 12 59,5 V
PAIR1 51 105 30 832 V
PAIR1 51 118 30 102,7 V
PAIR1 51 125 24 112,6 V
PAIR1 51 147 13 143,6 V
PAIR1 51 152 28 1522 V
PAIR1 63 63 7 0 S
PAIR1 63 73 102 15,6 S
PAIR1 63 76 20 20,3 S
PAIR1 63 90 10 409 V
PAIR1 63 118 9 839 V
PAIR1 63 125 24 938 V
PAIR1 63 147 29 1248 V
PAIR1 63 152 68 1333 V
PAIR1 73 76 23 51 S
PAIR1 73 82 54 14,3 S
PAIR1 73 90 4 25,7 S
PAIR1 73 125 26 794 V
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PAIR1 73 147 22 110,3 V
PAIR1 73 152 27 118,7 V
PAIR1 76 76 2 0 S
PAIR1 76 90 9 21,3 S
PAIR1 76 105 21 455 V
PAIR1 76 118 17 658 V
PAIR1 76 125 9 755 V
PAIR1 76 152 11 1148 V
PAIR1 82 105 7 361 V
PAIR1 82 118 11 56,2 V
PAIR1 82 147 10 97,1 V
PAIR1 82 152 11 1056 V
PAIR1 90 105 2 24,4 S
PAIR1 90 118 10 451 V
PAIR1 90 147 10 854 V
PAIR1 90 152 2 938 V
PAIR1 105 105 3 0 S
PAIR1 105 118 23 21,1 S
PAIR1 105 125 21 30,2 V
PAIR1 105 147 43 61,2 V
PAIR1 105 152 20 69,6 V
PAIR1 118 118 19 0 S
PAIR1 118 125 60 10,5 S
PAIR1 118 147 53 41,7 V
PAIR1 118 152 23 504 V
PAIR1 125 125 36 0 S
PAIR1 125 147 28 314 V
PAIR1 125 152 26 40 V
PAIR1 147 152 51 89 S
PAIR1 152 152 27 0 S
ASY2 91 121 13 474 V
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ASY2 91 126 4 54,7 V
ASY2 91 141 20 77,4 V
ASY2 91 180 7 136,2 V
ASY?2 91 184 14 1424 V
ASY2 108 121 19 20 S
ASY2 108 126 6 269 S
ASY2 108 180 5 109 V
ASY2 121 121 3 0 S
ASY2 121 126 32 8,7 S
ASY?2 121 132 81 16,3 S
ASY2 121 141 16 304 V
ASY2 121 180 2 89,6 V
ASY?2 126 132 53 10,1 S
ASY2 126 141 16 22,8 S
ASY?2 132 141 19 14,4 S
ASY2 141 141 1 0 S
ASY?2 141 184 13 66 V
ASY2 180 180 10 0 S
ASY2 180 184 27 6,3 S
ASY2 184 184 21 0 S
Mer2 1 13 76 17,3 S
Mer2 13 35 26 323 V
Mer2 13 38 13 368 V
Mer2 13 45 4 47,2 'V
Mer?2 13 49 13 53,1 V
Mer2 13 100 3 1288 V
Mer2 13 119 8 1549 V
Mer2 13 127 6 166,3 V
Mer2 13 180 8 245,6 'V
Mer2 21 35 47 20,6 S
Mer2 21 38 18 253 S
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Mer2 21 45 11 356 V
Mer2 21 49 16 415 V
Mer2 21 119 27 1429 V
Mer2 35 35 5 0 S
Mer2 35 38 34 51 S
Mer2 35 45 46 152 S
Mer2 35 69 6 51 V
Mer2 35 73 26 574 V
Mer?2 35 85 16 74,4 V
Mer2 35 93 11 858 V
Mer2 35 161 21 186,2 V
Mer2 38 38 26 0 S
Mer2 38 45 19 10,5 S
Mer2 38 49 19 16,5 S
Mer2 38 73 16 531 V
Mer2 38 85 18 70,1 V
Mer2 38 93 4 81,6 V
Mer2 38 100 8 92,6 V
Mer2 38 119 10 119 V
Mer2 38 161 9 182,2 V
Mer?2 45 45 2 0 S
Mer2 45 49 16 6,1 S
Mer?2 45 73 14 42,8 V
Mer2 45 85 14 59,8 V
Mer?2 45 93 3 71,3 V
Mer2 45 100 2 822 V
Mer2 45 119 11 1089 V
Mer2 49 49 4 0 S
Mer2 49 73 35 37 V
Mer2 49 85 13 538 V
Mer2 49 161 19 166 V
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Mer?2 49 180 6 194,2 V
Mer?2 69 97 4 42,1 'V
Mer?2 69 127 7 858 V
Mer?2 73 73 5 0 S
Mer?2 73 93 14 299 V
Mer?2 73 98 1 37 V
Mer?2 73 100 34 40,7 V
Mer?2 73 119 17 68 V
Mer?2 73 127 15 798 V
Mer?2 73 161 14 130,3 V
Mer?2 73 180 10 158,6 V
Mer?2 85 93 47 11,8 S
Mer?2 85 98 13 19,3 S
Mer?2 85 100 38 22,6 S
Mer?2 85 119 22 50,2 V
Mer?2 85 127 20 62,1 V
Mer?2 85 161 12 112,7 V
Mer?2 85 180 11 1412 V
Mer?2 93 93 29 0 S
Mer?2 93 98 4 7,7 S
Mer2 93 100 39 11,1 S
Mer?2 93 119 32 384 V
Mer?2 93 161 11 1011 V
Mer?2 93 180 4 1295 V
Mer?2 97 161 8 953 V
Mer?2 100 161 17 90,4 V
Mer?2 119 119 6 0 S
Mer?2 119 154 38 531 V
Mer?2 119 161 16 63,6 V
Mer?2 127 161 14 521 V
Mer?2 133 161 20 42,7 'V
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Mer?2 154 161 3 10,7 S
Mer?2 161 161 25 0 S
Mer?2 161 180 22 289 V

2. Distances measured of the XL for the cc of Mer2 in
dilute conditions

Table 7: Table showing the XL distances measured considering intramolecular XL on the coiled-coils domain
of Mer2 and the number of times a XL is detected (Hitcount). V=violated and S=satisfied.

Chain Residue Residue Hitcount Intramolécular Threshold

1 2 Distance (A) (274)
satisfied?
Mer?2 13 35 3 323 V
Mer2 35 38 5 51 S
Mer2 35 45 10 15,2 S
Mer?2 35 119 13 123 'V
Mer2 35 161 3 186,2 V
Mer?2 38 38 8 0 S
Mer2 38 45 9 10,5 S
Mer?2 45 45 9 0 S
Mer?2 45 119 7 1089 V
Mer2 53 69 30 248 S
Mer?2 73 93 3 299 V
Mer2 85 93 16 11,8 S
Mer?2 85 100 9 22,6 S
Mer2 85 119 11 50,2 V
Mer2 93 93 15 0 S
Mer?2 93 97 7 6 S
Mer2 93 100 19 11,1 S
Mer?2 93 119 11 384 V
Mer2 100 119 136 283 V
Mer?2 119 119 41 0 S
Mer?2 119 127 148 12,1 S
Mer2 119 133 216 21,2 S
Mer?2 119 154 9 53,1 V
Mer2 119 161 66 63,6 V
Mer?2 119 180 14 919 V
Mer2 127 127 138 0 S
Mer2 127 133 232 10,2 S
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Mer?2 127 161 13 52,1 V
Mer?2 133 133 2 0 S
Mer?2 161 180 25 289 V
Mer?2 180 180 150 0 S

3. Protein sequences

3.1 Orthologs of RM

The minimal domain is highlighted in grey.
Rec24: NP_594817.1

MNGTNTEDNSKQILIQTMYTYDSSGETLKIAIAWKIILKKPKGKNIKDYIEALRKGIEDQEHCEKYASTL
LEPRPKTKKDVVLKNSNVTECVALKAKPEFSKKIEDMDIFLLTNVHENLOEKRQTSGSLAHLDIEYTENGL
FREFLKCTADIKLKQTKVYEGADFLRIKTLFEEIFMFLKRDCKSPLVLTRLVELGDYVLDLIIITQSIMON
NANNGTGVISRAKFLEFYVFLEQLIFNKLSFASVEQLEKLLDQIVKRMKICFTYCKNDNPSIRLLYSECF
FSYAEIYFPCLHSFDAQLSSAASKCVQILRDIITNEELQTDKQELSKSAYSAPSILLIGLKDMLEFPEDIS

Rec7: AAA35333.2

MNIFPIVKYSVAEDSYTTDSSHINWSHYSDGGFTLSLTSGLLOIRQHEELIQSINLLDLWHQLIPGTKEK
CLTLLSRAPCMNIRAFTNNVMKRFQVKEFPSDVHYMKAKVEFEKLGLVFKDAKSSSEKKQFNNSQSQSNNS
QELSLMNNAYNKSSAQQPNLLLOPSYIPMTQTATTAVNNSTNYVNPAPLOQHVMPNAEIFSNTPPLKRERG
DAGMTOMPLRSDTSIESITASQQPTWDENVVITSSPENPNRNAYSYGANSQYPITAATPLNSQTQASWVA
QPENQAYANLIPSPPTTSQILPTELTEEEKQLRSKVLEYLKODSFIQLCQOSLERVWNKM

REC114: NP_082874.1

MSEAGNVASGLGLPGEVSQWSLKRYGRFMLLDNVGSPGPSSEAAAAGSPTWKVFESSEESGSLVLTIVVS
GHFFISQGQTLLEGEFSLIGSKNWLKIVRRMDCLLEGTTIKNKSRMFRVQEFSGESKEEALERCCGCVQTLA
QYVTVQEPDSTTQELQQSQGPREAGESQGKDPLOQGPSLTLEQHVCMAAGAGVLQERTSVTHRAQSILAP
EKLTLAYEGSSWGTEELGPFLRLCLMDONFPAFVEEVEKELKKITGLRN

MEI4: NP_780422.1

MDIQOPWYLKTSKLALALAITHSKPADRSSREYTEYLASLVTQKESTWKSKLEALEAEVLOQLROQKLLLSRI
SSGLFKNGPDVLPTLSDQEPTSSENTLTLMDDSGCVLSNEQRNEPAELSQHEFVESTDPPLLPLPLEKRPR
TTLENPLSSHMQFFQHLLELKKWTESSSLKVYLTHFEKDSSTVSDSVSQLLDALITEFYRNPKLPESSEWT
EAVGTLARLASDENLSNHIFKRCSKKLEEFEKTLLOAILENNSINRFQVQRYVSQSLVTLGSCSLLRKSI
ISLLLSEVNSEFVDDLGAIDQDQGIYDVTRYENIFSLEFWILEQVLOQAPQGDRTAHMDHSIPEMQTFLOKH
DEVIFRLSDAFPLFAFYLWRLGVLLNSAEMETVKNESLP

PHS1 (A. thaliana): 0AP13975.1

MAGSLTASNRRRNAEDSSEIYRWTIGFAREVHYPSSPSPHPVLKPLGKREQYHSPHGTWLSASSSTVSLH
IVDELNRSDVILSVKLGOKVLIQKFALRESTCDAALEFVEALKEKIKGLKEASTONQKNKTRCDVSEFQSD
YNPSDAIIPRATQKEPNMVRPLNSYVPEMLPRIVYEAQYQKSETRSEVSFQSDYNPSIETIFPRATEEEPN
MVREEFDSSVPEVLPRPEYEAGQALYPSQSTLNQIPSLPPSFTTLLSGCEFPDSTLDAGQTTVKONPDLKSQ
ILKYMEDSSFQDMLOKVERIIDEIGGNWIT
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PRD2: 0A095537.1

MSSSVAEANHTEKEESLRLATAVSLLRSKEHNHOSSSSTSRCYVSSESDALRWKOKAKERKKEITIRLQOED
LKDAESSFHRDLEFPANASCKCYFEFDNLGVESGRRIGEASESRENDVLRRRELRLARRRSRRKLTRSSQRL
QPSEPDYEEEAEHLRISIDFLLELSEADSNDSNESNWSHQAVDFIFGNIIQSSRVANKLEFKS

PHS1 (Z. mays): AAQ84720.1

MADAADSSMALVHSSLADSVLTSPRTLRQGOQKWEVEYARYFGTPRRDPTAAPPSGLRY IMRGVHRHQOGTW
IPASCPASLCVCHPSLPSAVPVLTISIGDVVFEEHFVSILNEFSWPQVTCVTQCPIRGSRVVEVSFCDKFEFK
QIQOKFAVREFPQPCDAESFLSCVECSCGSSGTMDITIPFGSDYVCEDSSASEYIVSNGLHHRLDDASNLEEQ
CFDHTIDEPPMNYHEETDQHVLEPLSASNTSNNSAFPPSEFNOQMLKSCSIDYDQEEPCPLAASNHVLQEVY
VLDTSHDVANEERTAGKGMDAAEGVDASILTYDLMARIKTYMADESFNDMLLKLDKAIDELGGDMSL

MPS1: PWZ29589.1

MALPKPRPPTPTASAATGTSSSRIDSPSLKAALAMALIHYNRLPGKANATAGTSPPSLLHWKRKAKDRKR
EILRLREELKVLODGVRGEEMEPPVASCRCHFFDGCRDLRPQOGGGGGEHWVDEVLRRRFLRLVRWKEKR
RRVDRSLPSSSLIDEFNSEDEMQQLSMSTDFLVELSDGIFAKSEAGHSFATFSHQAVDFILATLKNILSSE
REKDLVGEIIDSLVTRLMKRMCTVPEKLVTSDSGSTGCSDAQFSVQOHLFRKLGNDEFIGQRVILVVSQKT
SNVSERLFLADPFADAFPDMHDNIFIMIQLLEFLISDYMKVWLCCEHINKRLFEECTRSILKARNDLQIL
ENMNGLYVVYIERVVGRLARDVAPAAHQGKLDLEVEFSKLLC

3.2 Orthologs of Mer2
The coiled-coil domain is highlighted in grey

IHO1: NP_001366587.1

MNENVWNVKEMLSIPSGSGITKPSNWNNNQTDCSLSDSQFLEFGSQFCPENSETLLPSLDAGACLRHPKQT
QONSVDSEPSIFIKYQAKPQLLGGDTKDESLEFSLPLPVGKSKGLSKOQFEEKKRRATDOSDSETLHSEVSH
FPEVINKLOTSVEKTEENLSSRSQSILDSVETIAKTFQETARVOHDLMVESVRDKGSMEQAILEIQRTCA
ARQAEFMEMKSTLKNLEVLVVEQTKNLQQFCDNLSQLIVPGILEELKKFTSVPQVAGHLKDSTSQTSPSL
TOSLHFTRQEKHPSEEPATWQAQEAPAGNPSTSSQRPGECGVWDEGAESGVFQKAALPTDGLHRGDGHVK
NKTVPTYCKNWVMTTRSVSNHESNLPSQRAGNGQGLMAQGASQRDVSKFEARVKNACPEYGPQSMCSEDS
LEQSATEQKGRPCRKRRRGKKQQPQRSKRGGLLDRKQGQTSKAACAFIARHHCPQSPVCDPQGPLICWLT
PRSSTKSTCHILGGTGETSQTARAAQGNLVQOHSQRSSTDSSSQGDQQINWESDLSLENLEPPQCKKGGTN
LLCDPDFDSSDDNEF

PRD3: 0AP15284.1

MKMNINKACDLKSISVEFPPNLRRSAEPQASQQLRSQOSQOSEFSQOGPSSSQRGCGGFSOMTQSSIDELLIN
DOREFSSQERDLSLKKVSSCLPPINHKREDSQLVASRSSSGLSRRWSSASIGESKSQISEELEQRFGMMET
SLSREFGMMLDSIQSDIMOANRGTKEVFLETERIQQKLTLODTSLOQLRKEQADSKASLDGGVKFILEEFS
KDPNQEKLQKILOMLTTIPEQVETALOKIQREICHTFTREIQVLASLRTPEPRVRVPTAPQVKAKENLPE
ORGOAAKVLTSLKMPEPRVQVPAAPQAKENFPEQRGPVAKSNSEFCNTTLKTKQPQFPRNPNDASARAVKP
YLSPKIQVGCWKTVKPEKSNFKKRATRKPVKSESTRTQFEQCSVVIDSDEEDIDGGEFSCLINENTRGTNE
EWDAEKETERILRTARRTKRKEGNPIIIN

ASY2:XP_003348288.1

MASASRLTSPEFEFNDHSWSQETASTNGSSQSSLESQPSQHSTOPSROSSLASSPLEPDLEADLDQEQLDE I
DEHSPEVWASYLSAQYQTHIVETLKQTVFEKLDQLKASITSLOONYVROQEEASTASSSELRATHDQIFTE
LRDLKPIPGRISALESDVRONKEQAGRALSDLDDKLSSLKTDLVVKHDGAVRGLKSVRDONQSLLETLVA
LRGEVMNLOLOQTQTDGRLSTFOQKELEKTLAPRPELSNEAMDEFLRQLLSRRADLMGLMEPPTTATSGTNV
PLIEAAPQLDLPWRSPODTVDSTNSNLPVOAAPKTRAAHKRKALPSALDLTGPEPQAEKRANPKRTKEDL
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PPVSSSROQLHESRKQLPVAKAKKALSAPETRPSATTKQTGTTKQKAPVAGMGTAPAGLSQQPPVRPKVQD
MKLLEFKKENDEYKAKRPKEDYLFIWKFIGQIESSEKLIHLOQVRLLELLPDHVSQRRASHRLGDKFIQISK
TVIWAQFATALAEV

Rec15: NP_595887.1

MSYSVSAAQLWSRKLAMOAEDMQOQOHQOKSQSNQIASCLAEMNTKQEVVNQTIGOLGRSISEVOQONSQLVL
QOSLNQINMSMOQVALGIQODYASRINKLEQTMSDMNLKFEALOQKEQNSNTKTLADCTSOMTIITKKLDAEL
KKRYMTTKQTRTVONQTMPRSNTTTKKRVLAIDFLADDDY

PAIR1: XP_008649842.1

MTGAGMKLKINKACDLSSISVLPPRRTGGSGGAGSSAAAAAVAAGSQQORSQPLSQQSEFSQGAVGSGGASS
LLHSQOSQLSQASLDENLLTLHLASPARDQGFRLHDDSSKKMTSLPVTSASCVREESQLQLAKTSSNPVHR
WNPSLPDSRCVVPAEDVERKFQHMASSVHKVGMVLDSVONDTMQLNRAMKEAALDSGSIQQKIVVLDTSM
OKNLKGOGDLKVLVESNTKNIADQLAVLNSHSNKLVEISSALSVLPKQIERDLKQQOSDIFRIFRNNMEE
IARAVKSLNSKIDAIQMPTEQRCTTNGRPLMNQLPVDRNERPQVNQTPEVTRVSQTTVASLVNQAPAANG
RHLMSKTPAANGKSVMRQTPAENGRHLVSQTPAANGKTLKRQTSVINGISLMSQVPAANGKPVVIQIPAP
KGRPMMRQKTAESGRTEMNEIPVASGRPHTNKIPIAEVHPAPLVCPAKQVATDPKPKVDEEKLKALPQKL
TSSRSRVAPKQEEAANTKVISRAAATEKVVIFIDDSDDDNDVRASCVILRPSGSGSLGERECDLMKVGAE
ESQEIPRRARKRRRREMQATVGVACMPLPA

4. Gel extraction

In order to extract the DNA of interest from an Agarose gel, the gel is first cut and
only the strip containing the DNA remains. This strip is placed in a 1.5 ml Eppendorf tube
and the gel is placed. The QIAquick® Gel Extraction Kit from QIAgen was used. 3 volumes
Buffer QG to 1 volume gel (100 mg gel = 100 pl) are added. The tube is incubated at 50°C
for 10 min and the tube is shaken every 2 to 3 min to help the gel dissolve. 1 gel volume
of 100% isopropanol is added and the solution is mixed. The solution is transferred to a
QIAquick spin column in a provided 2 ml collection tube. After centrifuging for 1 min at
13000 rpm, the flow-through is discarded. The column is washed with 750 pl PE buffer
and centrifuged for 1 min at 13000 rpm. The centrifugation step is repeated to remove
the residual solvent. The column is placed in a 1.5 ml Eppendorf tube. 27 ul of TE is added
and allowed to rest for a few minutes before centrifuging a final time at 13000 rpm for 1
minute. The flow-through is retained.

5. Miniprep

In order to get rid of the genomic DNA of a cell, and to keep only its plasmid DNA,
it is necessary to carry out what is more commonly called a "Miniprep". To do this, use
the QIAprep® Spin Miniprep Kit (250) from QIAGEN and carry out the following protocol:
the bacterial pre-culture is centrifuged at 4200 rpm for 3 min at RT. The bacterial pellet
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is resuspended in 250 pl of Buffer P1 and transferred to a 1.5 ml Eppendorf tube. 250 pl
of buffer P2 is added. The lysis reaction is not allowed to proceed for more than 5 min
and the tube is mixed by inverting it 4 to 5 times. 350 pl of buffer N3 is added and the
tube is mixed by inverting 4-5 times. After a 10 min centrifugation at 13 000 rpm, the
supernatant is recollected and placed in a QIAprep 2.0 spin column. After a 1 min
centrifugation at 13000 rpm, the flow-through is discarded and the column is washed
with 750 pl of PE buffer. A further 1 min centrifugation is performed at 13000 rpm and
the flow-through is discarded. The centrifugation step is repeated to remove the residual
buffer. The column is placed in a 1.5 ml Eppendorf tube. 30 pl of TE is added and allowed
to rest for a few minutes before centrifuging a final time at 13000 rpm for 1 min. The
flow-through is retained.
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Study of the conservation of the structure and the function of
S. cerevisiae Rec114-Mei4-Mer2 proteins during evolution

Emma De Jonge

In prophase I of meiosis, the phenomenon of genetic recombination takes place, which
can lead to the formation of crossovers between two homologous chromosomes. This

phenomenon is essential for the correct segregation of homologous chromosomes at the end of

anaphase I of meiosis.

Genetic recombination is initiated by a DNA double-strand break mediated, in S.
cerevisiae, by the Spo11 protein. However, this phenomenon also requires the presence of 9
other proteins divided into three complexes: The core complex (which contains the Spol1l
catalytic unit), the MRX complex and the RMM complex (composed of Rec114, Mei4 and Mer2).
It has been shown in vivo and in vitro that the proteins of the RMM complex form condensates
in the presence of DNA. This phenomenon is referred to as phase separation. Itis hypothesized
that this complex acts as a platform that recruits the 7 other essential proteins to the site where
DNA double-strand breaks occur.

The aim of this master thesis is to study the conservation of the structure and DNA-
binding function of the S. cerevisiae RMM complex orthologs throughout evolution. As these
proteins cannot be purified together, the study is divided into two distinct parts: A part on the
Rec114-Mei4 orthologs where the complexes from M. musculus (REC114-MEI4), S. pombe
(Rec7-Rec24), A. thaliana (PHS1-PRD2) and Z. mays (PHS1-MPS1) will be studied and another
on Mer2 orthologs where the protein from M. musculus (IHO1), S. pombe (Rec15), A. thaliana
(PRD3), Z. mays (PAIR1) and S. macrospora (ASY2) will be studied.

Despite the large difference in amino acid sequences between these orthologous
proteins, the structure predicted by AlphaFold is quite similar. These models of the complex
formed by orthologs of Rec114 and Mei4, with a 2:1 stoichiometry respectively, will be verified
by mutagenesis followed by a Pulldown in order to identify the amino acids important in the
protein interactions between the C-terminal part of Rec114 and the N-terminal part of Mei4.
Concerning the Mer2 orthologs, only the structure of the parts of the proteins forming a coiled-
coil domain will be studied by SEC-MALS, SAXS and XL-MS, to see whether the homotetrameric
and parallel structure of Mer2 is conserved.

In order to study the DNA-binding function of these proteins, EMSAs were carried out
on RM complexes and coiled-coil domains of the proteins studied. In S. cerevisiae, these proteins
bind DNA in vitro and the conservation of this activity is studied in this work.

UNIVERSITE CATHOLIQUE DE LOUVAIN
Faculté des bioingénieurs

Croix du Sud, 2 bte L7.05.01, 1348 Louvain-la-Neuve, Belgique | www.uclouvain.be/agro




