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Zusammenfassung

Zusammenfassung

Einess der faszinierenden Merkmale der meiotischen Prophase I sind die
hochkonservierten kraftigen Bewegungen homologer Chromosomen. Diese
Bewegungen sind entscheidend flir den Erfolg von Schllisselereignissen wie die
Ausrichtung, Paarung und Rekombination der homologen Chromosomen.
Mehrere bisher untersuchte Organismen, darunter Saugetiere, Wirmer, Hefen
und Pflanzen, erreichen diese Bewegungen, indem sie die Chromosomenenden
an spezialisierten Stellen in der Kernhille verankern. Diese Verankerung
erfordert Telomer-Adapterproteine, die bisher in der Spalthefe und der Maus
identifiziert wurden.

Die meiosespezifischen Telomer-Adapterproteine der Maus, TERB1, TERB2 und
MAIJIN, sind an der Verankerung des ubiquitaren Telomer-Shelterin-protein an
den LINC-Komplex beteiligt, mit einem analogen Mechanismus, wie er die
Spalthefe beschrieben wird. Obgleich die meiose-spezifischen Telomer-
Adapterproteine eine wesentliche Rolle spielen, ist der genaue Mechanismus
der Verankerung der Telomere an die Kernhille sowie ihre evolutionare
Geschichte bisher noch wenig verstanden. Das Hauptziel dieser Arbeit ist daher
die Untersuchung der Organisation des meiosespezifischen Telomer-
Adapterkomplexes =~ TERB1-TERB2-MAJIN der Maus und  dessen
Evolutionsgeschichte.

Im ersten Teil dieser Arbeit wurde die Organisation des TERB1-TERB2-MAJIN
Komplexes mittels hochauflésender Mikroskopie (SIM), an Mausspermatozyten
untersucht, sowie die Lokalisation in Bezug auf TRF1 des Telomer-Shelterin-
Komplexes und die telomerische DNA analysiert. In den Stadien Zygotan und
Pachytén zeigten die Fluoreszenzsignale eine starke Uberlappung der Verteilung
der meiotischen Telomer-Komplex-Proteine, wobei die Organisation von TERB2
an den Chromosomenenden heterogener war als die von TERB1 und MAJIN.
AuBerdem konnte die TRF1-Lokalisation an den Enden der Lateralelemente
(LEs) mit einer griffartigen Anordnung um die TERB1- und MAJIN-Signale im
Zygotan- und Pachytan-Stadium gezeigt werden. Interessanterweise erwies
sich die telomerische DNA als lateral verteilt und teilweise Gberlappend mit der
zentralen Verteilung der meiotischen Telomer-Komplex-Proteine an den Enden

der LEs. Die Kombination dieser Ergebnisse erlaubte die Beschreibung eines
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Zusammenfassung

alternativen Modells der Verankerung der Telomer an die Kernhiille wahrend
der meiotischen Prophase I.

Der zweite Teil dieser Arbeit analysiert die Evolutionsgeschichte der
Mausproteine von TERB1, TERB2 und MAJIN. Die fehlende Ubereinstimmung
zwischen den Meiose-spezifische Telomer-Adapteproteinen der Maus und der
Spalthefe hat die Frage nach dem evolutionsbedingten Ursprung dieses
spezifischen Komplexes aufgeworfen. Um vermeintliche Orthologen der
Mausproteinevon TERB1, TERB2 und MAIJIN Uber Metazoen hinweg zu
identifizieren, wurden computergestiitzte Verfahren und phylogenetische
Analysen durchgefiihrt. Darliber hinaus wurden Expressionsstudien
implementiert, um ihre potenzielle Funktion wahrend der Meiose zu testen. Die
Analysen haben ergeben, dass der Meiose-spezifische Telomer-Komplex der
Maus sehr alt ist, da er bereits in den Eumetazoen entstand, was auf einen
einzigen Ursprung hindeutet. Das Fehlen jeglicher Homologen des
meiosespezifischen Telomerkomplexes in Nematoden und die einigen wenigen
in Arthropoden nachgewiesenen Kandidaten, deuten darauf hin, dass die
Telomer-Adapterproteine in diesen Abstammungslinien verloren/ersetzt oder
stark  diversifiziert ~worden sind.  Bemerkenswerterweise  zeigten
Proteindomanen von TERB1, TERB2 und MAIJIN, die an der Bildung des
Komplexes sowie an der Interaktion mit dem Telomer-Shelterin-Protein und den
LINC-Komplexen beteiligt sind, eine hohe Sequenzahnlichkeit tber alle Kladen
hinweg. AbschlieBend lieferte die Genexpression im Nesseltier Hydra vulgaris
den Beweis, dass der TERB1-TERB2-MAJIN-Komplex selektiv in der Keimbahn
exprimiert wird, was auf die Konservierung meiotischer Funktionen Uber die
gesamte Metazoen-Evolution hinweg hindeutet.

Zusammenfassend bietet diese Arbeit bedeutende neue Erkenntnisse
hinsichtlich des Meiose-spezifischen Telomer-Adapterkomplex, seines
Mechanismus zur Verankerung der Telomer an die Kernhtlle und die

Entschliisselung seines Ursprungs in den Metazoen.



Summary

Summary

One of the fascinating features of meiotic prophase I, is the highly conserved
vigorous movements of homologous chromosomes. These movements are
critical for the success of essential events as homologs alignment, synapsis and
recombination. Several organisms studied so far, including mammals, worms,
yeast and plants achieve these movements by anchoring the chromosome ends
to specialized sites in the nuclear envelope (NE). This attachment requires
telomere adaptor proteins which have to date been identified in fission yeast
and mice.

The mouse meiosis-specific telomere adaptor proteins TERB1, TERB2, and
MAIJIN are involved in the attachment of ubiquitous shelterin telomere to the
LINC complex, in an analogous mechanism as those described in fission yeast.
Despite the essential role of meiosis-specific telomere adaptor proteins, the
precise mechanism of anchorage of telomeres to the nuclear envelope, as well
as their evolutionary history, are still not well understood. Therefore, the main
aim of this thesis is to investigate the organization of the mouse meiosis-specific
telomere adaptor complex TERB1-TERB2-MAJIN and its evolutionary history.
In the first part of this thesis high-resolution Structured Illumination Microscopy
(SIM), indirect immunofluorescence and Telo-FISH on mouse spermatocytes
were used to determine precisely how the telomere complex proteins are
localized with relation to the shelterin telomeric TRF1 protein and telomeric
DNA. During zygotene and pachytene stages staining patterns revealed
extensively overlapping of meiotic telomere complex proteins distributions in
which TERB2 organization is more heterogeneous than TERB1 and MAJIN at
the chromosome ends. Further, TRF1 localization was shown at the side of
lateral elements (LES) ends with grasp-like distribution surrounding the TERB1
and MAJIN signals in zygotene and pachytene stages. Interestingly, telomeric
DNA was shown to be laterally distributed and partially overlapping with the
more central distribution displayed by meiotic telomere complex proteins of LEs
ends. The combination of these results allowed to describe an alternative model

of the telomere attachment to the NE during meiotic prophase I.
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Summary

The second part of this thesis, analyses mouse TERB1, TERB2, and MAJIN
evolutionary history. The lack of similarity between mouse and fission yeast
meiotic-specific telomere adaptor proteins has raised the question about the
origin of this specific complex through evolution. To identify mouse TERB1,
TERB2, and MAIJIN putative orthologues, computational approaches and
phylogenetic analyses were performed. Besides, to test their potential function
during meiosis, expression studies were conducted. From these analyses, it was
revealed that mouse meiosis-specific telomere complex is ancient, as it
originated as early as eumetazoans pointing to a single origin. The absence of
any homologs in Nematoda and only a few candidates detected in Arthropoda
for meiosis-specific telomere complex, seemed, that these proteins have been
lost/replaced or highly diversified in these lineages. Remarkably, TERB1, TERB2,
and MAJIN protein domains involved in the formation of the complex as well as
those required for the interaction with the telomere shelterin protein and the
LINC complexes revealed high sequence similarity across all clades. Finally,
gene expression in the cnidarian Hydra Vulgaris provided evidence that the
TERB1-TERB2-MAJIN complex is selectively expressed in the germline
suggesting conservation of meiotic functions across metazoan evolution.

In summary, this thesis provides significant /nsights into the meiosis-specific
telomere complex mechanism to engage telomeres to the nuclear envelope and

the elucidation of its origin in metazoans.

11



Chapter 1: General Introduction

Chapter 1 General Introduction

1.1 Meiosis is key for gametogenesis and sexual reproduction

Sexual reproduction involves the fusion of haploid gametes from two individual
organisms to produce an offspring with diploid nuclear content. Therefore, the
first indispensable event in sexually reproducing organisms is to produce
maternal and paternal gametes capable of fertilization. In male individuals,
gametogenesis is called spermatogenesis and originates in the particular
environment provided by the gonads, or sex organs. When the spermatogonia
(2n) receives the right signals to enter meiosis, culminates in four haploids (n)
spermatozoa or gametes that have half the content of DNA within them. Hence,
meiosis is a specialized cell division type that accomplishes reduction of ploidy
from a diploid germ cell (2n), through two sequential rounds of nuclear division
(known as meiosis I and meiosis II) following a single series of DNA replication

(S-phase) resulting in four haploids (n) cells (Figure 1-1).

Meiosis | Meiosis Il

Maternal

Chromosome
Metaphase Il

@
W - (R

Paternal ’ / . ¢ R

chromosome 2n ) ¥ X ) - ( ) B L
Pairing of Recombination

homologous

\
chromosomes \

S-phase

Figure 1-1 Events during meiosis cell cycle.

Schematic representation of a diploid germ cell with maternal (red) and paternal (black)
chromosomes that have been duplicated. Upon prophase I, homologous chromosomes
pair and synapse thereby forming a structure containing four chromatids known as a
bivalent. In prophase I homologous chromosomes pair and synapse leading to
recombination events such as reciprocal exchange of chromosome arms. In metaphase
I bivalents can move to the opposite spindle poles while in metaphase II each sister
chromatids moves to opposite poles leading to the generation of haploid cells (Image
modified from Alberts et al., 2002).
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Chapter 1: General Introduction

Cytological and genetic data published so far suggested that meiosis evolved
from mitosis (Wilkins & Holliday 2009) or paralleled to it (Cavalier-Smith, 2010).
Consequently, the division stages of meiosis I and II are analogous to the
events of mitosis and the same names are assigned for meiotic division I and
IT (prophase, metaphase, anaphase, and telophase).

At the onset of the meiotic prophase I, duplicated homologous chromosomes
recognize each other and get into physical contact. In many organisms, this
initial homologous chromosome association is called pairing and culminates with
full connection along their length. This connection is reinforced by the formation
of the synaptonemal complex (SC) between the two homologous chromosomes,
promoting the exchange of chromosomes segments between non-sister
homologous chromatids, known as crossover (CO). These events are the source
of genetic variation due to the reciprocal exchange of equivalent DNA between
homologous chromosomes.

Towards the end of prophase I, crossovers are cytologically observable as
chiasmata (Jones, 1987) that hold pairs together until the spindle separates
them at anaphase I. The arms of the sister chromatids for each duplicated
homologous chromosome are glued together along their length by proteins
called cohesins. At the start of anaphase I, the cohesins that hold sister
chromatids together are degraded, allowing the homologous chromosome to
be pulled to opposite poles of the spindle.

In Meiosis II, the daughter cells follow a segregation pattern that resembles the
standard equatorial division of mitosis. Before anaphase II, each sister
chromatid attaches to microtubules by an individual kinetochore formed from
opposite poles. Subsequently, in anaphase II, the sister chromatid’s cohesion is
released, and each chromatid is dragged apart to opposite poles by the spindle
fibres. In telophase II chromosomes begin to decondense and progressively
arrive at opposite poles. Finally, Cytokinesis takes place dividing the cytoplasm
of the two cells, producing four daughter cells, each with a haploid set of
chromosomes. After meiosis, these haploid cells (gametes or sperm) are
genetically unique due to crossover between maternal and paternal segments

of chromosomes that occurs during meiotic recombination.
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Overall, meiosis is a highly complex process that depends on timely-coordinated
events, including the recruitment of meiosis-specific cohesins on sister
chromatids, pairing, synapsis, recombination of homologous chromosomes and
dynamic chromosome movements. These finely coordinated events occur
during meiotic prophase I thus, guaranteeing the success of halving the
genome. Chromosomes that fail to segregate normally into the four haploid
cells can lead to infertility, miscarriage during pregnancy and severe congenital

disabilities.

1.2 Dynamics of homologous chromosome during meiotic prophase I

The prophase of meiotic division I is the longest and most complex phase of
meiosis. Conventionally it is divided into five sequential stages—leptotene,
zygotene, pachytene, diplotene, and diakinesis—defined by morphological
changes associated with the assembly (synapsis) and disassembly (desynapsis)
of the synaptonemal complex.

The Prophase I begins with the leptotene (Greek “leptos” = thin) stage,
characterized by the progressive condensation of duplicated homologous
chromosomes. During leptotene, telomeres attach to the inner nuclear
membrane (INM) and the decondensed chromatin starts to be organized via
the formation of a protein axes (axial elements; AEs) along the replicated sister
chromatids. In mammals, SYCP2 and SYCP3 form the AEs during leptonema
(Offenberg et al., 1998; Schalk et al., 1998). Simultaneously the genome
undergoes numerous DNA double-strand breaks (DSBs) introduced by
topoisomerase-like enzyme Spoll (Keeney et al., 1997). DSB formation and
subsequent repair (Keeney, 2001) is the core of meiotic recombination.
Cytological studies in mouse and yeast revealed Spo11 forming discrete staining
structures (“foci”) on chromatin early in leptotene (Romanienko & Camerini-
Otero 2000; Storlazzi et al.,, 2003; Prieler et al., 2005). Also, the Spoll
recombination pathway involves a protein complex that repairs meiotic DSBs.
Among them, Rad51 (the eukaryotic version of the RecA protein) and Dmcl
have a role in repairing DSBs and homologous pairing in S. cerevisiae, mouse
and maize (Weiner et al. 1994; Franklin et al. 1999; Pawlowski et al. 2003;

Yoshida et al., 1998). Rad51 and Dmc1 localization to chromosome cores, has
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been postulated as a marks of initial DNA-DNA interactions sites after DSB
induction (Moens et al., 2002; Tarsounas et al., 1999). These sites are called
early nodules (EN), which can be detected as an electron-dense structure
associated with the chromosome axis (Moens et al., 2002). These multiple EN
can be further subdivided into two categories: those found on asynapsed axes
and those found on synapsed axes (Ashley, 2007). The second stage of meiosis
prophase I is the zygotene (Greek “zygos” = pair). In this stage, stable pairing
initiates between the homologous chromosomes due to the assembly of
transverse filaments between AEs (now called lateral elements; LES)
terminating in the appearance of a central element (CE) of the SC (von
Wettstein et al., 1984; Hunter, 2003). At the same time, telomeres move and
cluster on a single site through the NE forming the so-called “telomere bouquet”
(von Wettstein et al., 1984; Zickler & Kleckner, 1998; Scherthan, 2001). The
presence of a bouquet-stage is conserved among plants, mammals, and fungi
in concomitant relation with chromosome pairing events (Chikashige et al.,
1994; Schertan et al., 1996; Trelles-Sticken et al., 1999). However, it was
reported that homologous chromosomes are brought together earlier via global
and/or local pairing after which DSB-mediated co-alignments occur, during
leptotene (Goldman & Lichten, 2000; Kleckner & Weiner, 1993; Klutstein &
Cooper 2014). For instance, in budding yeast, sordaria, mouse, and some
plants, the bouquet does not display until after homologs are already co-aligned
(Zickler & Kleckner, 1998; 2015). It was also suggested that once the pairing
process is ongoing, telomere movement could help full-length pairing of
homologous chromosomes or prevent entanglements by removing non-
homologous interactions (Zickler, 2006; Koszul et al., 2008; Kleckner et al.,
2011; Klutstein & Cooper 2014; Koszul & Kleckner, 2009). As the SC is
assembled, the number of ENs decreases as they processed into transitional
nodules (TNs) in mammals (Moens et al., 2002). The TNs localize in synapsed
axes proteins and contain RPA, MSH4, BLM helicase and topoisomerase, which
are implicated in the initial DSB processing (Moens et al., 2002).

Once the CE spread into both directions to connect homologous chromosomes
axes along their entire length, they are said to have synapsed; thus the cell has

reached the third substage of prophase I, known as pachynema Greek “pakhus”
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= thick). Upon pachytene stage the SC is fully assembled in a highly conserved
tripartite ladder-like organization with two lateral elements (LEs) and central
element (CE) consists of transverse filaments (TFs) (Petronczki et al., 2003;
Schmekel & Daneholt 1995; Heyting, 2005; Fraune et al., 2012). In mammals,
the LEs are connected by TFs composed mainly of SYCP1 (Meuwissen et at.,
1992). Upon the localization of SYCP1, it recruits other proteins to the CE, such
as SYCE1, SYCE2, SYCE3, and TEX12 (Costa et al., 2005; Hamer et al., 2006;
Schramm et al., 2011).

In pachytene stage, electron-dense nodules in association with the fully
established SCs are referred as late recombination nodules (LNs). From the
initial several hundred of DSBs, only few and non-randomly distributed LNs on
the fully synapsed SC presumably represent the sites of the processed into
crossing-overs in mammals (Plug et al., 1998).

The diplotene (Greek “diplos” = double) stage begins when homologous
chromosomes start to desynapse due to the disassembly of SC. Telomeres
begin to detach from the INM, and the recombination-associated proteins are
generally not present in this stage, but homologs remain attached through
chiasmata. Finally, the last stage is called diakinesis (Greek “kinesis” =
movement) in which the homologous chromosomes undergo their highest
degree of condensation to transit into metaphase I.

Altogether prophase I is a complex process in which pairing, synapsis and
recombination are a tightly coordinated. The establishment of this coordinated
process requires both telomere attachment and regulated movement for
accurate homologous chromosome pairing, thus recombination and segregation

of homologous chromosomes.

1.3 Chromosome movements: a universal feature of meiotic prophase I

Chromosome movement displayed during meiotic prophase I is vital for proper
pairing, synapsis and recombination events (Alleva & Smolikove, 2017). Upon
meiosis, chromosome ends (telomeres) attach to the NE and follow a dynamic

conserved choreography (For mouse see Figure 1-2) during prophase I.
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Figure 1-2 Meiotic telomere dynamics during prophase I in mouse.

Upon leptonema mouse homologous chromosomes (red and black), starts to condense
and a protein axes start to assemble (axial elements; AEs). Telomeres (red and black
circles) begins to attach and transit (black arrow) through the nuclear envelope (NE)
mediated by cytoplasmic microtubules (in yellow) originated in the centrosome (yellow
circle). At the transition to zygonema telomeres are congregated in a confined region
of the NE towards the centrosome. This configuration is called bouquet. At the same
time stable pairing initiate between homologous chromosomes due to the assemblage
of proteinaceous transverse filaments between AEs (now called lateral elements; LES).
In pachynema telomeres are active dispersed within the NE and lengthwise synapsed
by the complete assembly of the synaptonemal complex (SC). The synapsis allows
meiotic recombination events. During diplotene the SC start to disassemble, and
homologous chromosomes association is released. Telomeres begin to detach from the
NE and homologous chromosomes are associated by the crossing-over sites at the

chiasmata.

Another widespread feature during early prophase I is the telomere bouquet or
chromosome end clustering. In animals and fungi, telomere clusters orientate
towards the centrosome or spindle pole body (SPB), respectively (Zickler &
Kleckner, 1998). In plants, telomeres cluster opposite to the area with a higher
concentration of cytoplasmic microtubules (Cowan et al., 2001).

Despite the conservation of bouquet in mammals, plants and yeast, the
arrangement and time are likely to be species-specific. For instance, in mouse,
bouquet formation occurs briefly during the leptotene/zygotene transition
(Scherthan et al., 1996), while in S. pombe it can persist for much longer in
Prophase I (Cooper & Hiraoka, 2006). In maize, bouquet formation is at the

end of leptotene and continues throughout zygotene (Bass et al., 1997). In C.
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elegans, one single end of the chromosome is attached to the NE. Although C.
elegans does not form a bouquet configuration, the chromosome ends to
acquire a polarized organization at the NE during leptotene/zygotene stages
(Dernburg et al. 1998; Goldstein & Slaton, 1982).

While clustering of chromosome ends brings homologs closer together (Harper
et al., 2004; Ding et al., 2004), the role proposed in promoting the initiation of
pairing has been debated. Several lines of evidence in mouse, yeast and plants
showed that defects in bouquet generation alter pairing, synapsis and
reparation of the DSBs of homologous chromosome (Niwa et al., 2000;
Chikashige et al., 2007; Liebe et al., 2004; Carlton & Cande 2002, Harper et al.,
2004). Studies that used mutations that specifically disrupt the bouquet in
fission yeast showed that telomere bouquet plays a crucial role in controlling
the spindle pole body (SPB) maturation and proper meiotic spindle formation
(Tomita & Cooper 2007). Interestingly a recent report in zebrafish showed that
bouquet stage is necessary to increase the chances to find homologs
chromosome and initiate of pairing by the non-specific association of telomeres
(Blokhina et al., 2019). At this time, homology chromosomes gather together
in a non-homology-driven fashion that promotes pairing and crossover
formation similar to that which has been found in several other organisms
(Blokhina et al., 2019).

In general, the dynamics of homologous chromosomes in prophase I is widely
conserved and the relative importance of their motion and chromosome
interaction in bouquet formation seems to be species-specific but key for the
faithful homolog alignment and, consequently, are essential for prophase I

progression.

1.4 Meiosis-specific nuclear envelope adaptations for telomere
attachment site

1.4.1 Ultrastructure of meiotic chromosome ends attachment to the NE

The association of the meiotic chromosome ends with the NE was shown to be
mechanically stable due to the resistance to harsh spreading techniques and

dragging forces applied by micromanipulation or centrifugation (Alsheimer et

18



Chapter 1: General Introduction

al., 1998; Scherthan et al., 2007). Significant progress from studies that were
aimed at identifying the molecules involved in the attachment complex of
meiotic chromosome ends have revealed that the NE has a key role (Kracklauer
et al., 2013). Earlier electron microscopy (EM) studies in crayfish spermatocyte
samples described for the first time that chromosomes ends were terminally
associated with the NE (Moses, 1956). Later it was shown that SCs are attached
to the NE at both ends (Wettstein & Sotelo 1967). This association was
described in rodents as a conical thickening of the LEs structure embedded in
the NE (Esponda & Gimenez-Martin, 1972). Several years afterwards Liebe et
al., (2004) uncover telomere attachment to the NE in mouse deficient for Sycp3,
the major structural protein component of the LEs (Lammers et al., 1994; Yuan
et al., 1998). In contrast with wildtype mice, the ultrastructure analysis of Sycp3
knockout mouse showed that, the conical thickness of AEs were absent, but
telomeric DNA is still attached to the INM via attachment plates, i.e. highly
dense structures of the INM. At the level of attachment plate the NE is more
dense and thin filaments that project from both INM and ONM likely connect
chromosomal ends and cytoplasmic structures (Figure 1-3) (Liebe et al., 2004).
These studies provided for the first-time strong evidence that telomere sites are
connected to the cytoplasm because the typical membrane traversing filaments
seen in the wild type were also detected in mice Sycp3-/- demonstrating that
functional attachment complex is formed even though SCs are absent (Liebe et
al, 2004).
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Figure 1-3 Ultrastructure of mouse meiotic telomere attachment.

Electron micrograph of the attachment plate of a wildtype mouse pachytene stage (A)
in which the two lateral elements (LEs) and the central element (CE) is shown. Towards
the site of the telomeres, the highly dense attachment plate connects the conical
thickening end of the LEs with the inner nuclear membrane (INM) (white arrows). Thin
filament bundles project between the telomere attachment plates and the black arrows
indicate the INM through the outer nuclear membrane (ONM) to the cytoplasm. (B)
Transmission electron microscopy of a section of a telomere attachment of a Sycp3 -/-
mouse spermatocyte showing the highly dense region at the attachment plate but not
the conical thickening. Also is visible the same fibrillar material as in wild type that
traverses the nuclear envelope and extends to the cytoplasm (black arrows). (Figure
from Liebe et al., 2004).

1.4.2 Meiosis-specific splice variant Lamin C2 is enriched at the sites of telomere

attachment

It was argued that the association of chromosomes ends with the NE must be
dynamic to allow the chromosome movements to take place during meiotic
prophase I.

The NE is a double membrane system composed of two membrane bilayers,
the inner nuclear membrane (INM) and the outer nuclear membrane (ONM)
which are perforated by the nuclear pore complex. The endoplasmic reticulum
(ER) is associated with the ONM layer as if it forms an extension of the outer

face. Between the ONM and INM lies the perinuclear space (PNS), which is
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continuous with the ER lumen. Additionally, the INM of metazoans nucleus is
composed of an organized mesh of proteins known as the lamina, assembled
form intermediate filaments. Although these intermediate filaments are
members of a large family of cytoplasmic and nuclear proteins that polymerize
into stable threads, they are not conserved in plants and fungi. In metazoans,
nuclear lamins form a meshwork between the INM and the DNA, which also
connects nuclear pores (Mekhail & Moazed, 2010).

In mammals, A-type and B-type lamins are encoded by three genes: LMNA;
LMNB1 and LMNB2. The LMNA gene encodes two somatically expressed
isoforms A and C lamins (Lin & Worman, 1993). However, an alternative splice
variant also originated from the LMNA gene is the meiosis-specific lamin C2
which found specifically expressed in male and female meiotic germ cells
(Alsheimer & Benavente, 1996, Alsheimer et al., 1998; Furukawa et al., 1994).
Several observations indicate that the attachment sites of telomeres in the NE
involves lamin C2 (Alsheimer et al., 1999). Lamin C2 appears to reduce the
mechanical stiffness of the NE, playing a role in the dynamic reposition of
meiotic telomeres (Link et al., 2013).

To summarize, Lamin C2 directly involved the attachment of meiotic telomeres
probably by the local influence on the NE properties thereby facilitating the
conserved dynamic of telomere movements within the NE during prophase I.

1.4.3 The meiotic LINC complex: Linker of Nucleoskeleton and Cytoskeleton

Telomere regions anchoring to the NE involves highly conserved LINC complex
(Linker of Nucleoskeleton and Cytoskeleton). LINC-complexes are an essential
component of the NE composed of two classes of proteins: Sad1p/Unc84 (SUN)
and Klarsicht/Anc1/Synel homology (KASH) domain. The SUN domain proteins
reside in the INM and interact with proteins that bind the chromosome ends to
the NE (Kracklauer et al., 2013). The KASH domain is embedded in the outer
nuclear membrane and interacts with the cytoskeleton of meiotic cells
(Kracklauer et al., 2013). Through SUN-KASH interactions in the perinuclear
space, the LINC complex can transduce forces generated by the cytoskeleton
enabling meiotic chromosomes to move (Kracklauer et al., 2013; Link et al.,
2015).
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SUN domain-containing proteins exhibit a highly conserved structure and
function among different species (Starr, 2009). The N-terminus of SUN proteins
resides in the INM, and it is separated from the C-terminus by at least one
transmembrane domain. Also, the N-terminal domain interacts with the
nucleoskeleton components such as lamins and indirectly with telomeres.
Conversely, the C-terminus contains the conserved SUN domain that extends
to the perinuclear space.

The KASH proteins show a conserved motif localized in its C-terminal domain
and resides in the PNS to interact with SUN domain proteins specifically. In
contrast, KASH N-terminus resides in the ONM and is less conserved among the
species, reflecting the variety of the cytoskeleton proteins that can connect
including actin, microtubules components, and plectin (Razafsky & Hodzic,
2009; Starr, 2009; Starr & Fischer, 2005).

In the course of evolution, SUN genes have undergone diversification across
different species, and the expression of the individual SUN proteins depends on
the cell-type, suggesting cell-type adaptations of LINC-complexes to cope with
different physiological requirements (Table 1-1). For instance, mammals encode
five SUN domain-containing proteins (SUN1, SUN2, SUN3, SUN4 and SUN5). Of
these, only the SUN1 and SUN2 (Crisp et al., 2006; Ding et al., 2007; Morimoto
et al., 2012; Schmitt et al., 2007) are ubiquitously expressed and have an
essential role in tethering meiotic telomeres in prophase I. Also, their INM
partners, the A-type lamins, interact with both Sunl and Sun2 both (Schmitt et
al., 2007). On the other hand, the expression of SUN3, SUN4 and SUN5 seems
to be restricted to spermiogenesis (Gob et al., 2010; Frohnert et al., 2011).
Similarly, in C. elegans, UNC-84 is expressed in all cells; meanwhile, SUN-
1/Matefin expression is restricted to germ cells (Malone et al., 2003; Tzur et al.,
2006; Penker et al., 2007; Sato et al., 2009). The same situation was identified
in A. thaliana and maize, in which five SUN domain-containing proteins were
identified. Only two of them, AtSUN1, AtSUN2 for A. thaliana and ZmSUN1,
ZmSUN2 for the maize have a specific role in tethering meiotic telomeres to the
NE (Graumann et al., 2010; Zhou et al., 2015; Varas et al., 2015; Murphy et
al., 2014). The situation is different in lower eukaryotes such as S. pombe and

S. cerevisiae in which only one SUN domain-containing protein is enough to
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meet the cell’s requirements (Miki et al., 2004; Chikashige et al., 2006; Ding et
al., 2007; Jaspersen et al., 2006; Conrad et al., 2008; Wanat et al., 2008).
Likewise, KASH domain proteins have also been identified somatically expressed
in widespread model organisms (Zhang et al., 2001; Starr & Han, 2002). In
most of them, at least one KASH domain protein is specifically expressed during
meiosis. For instance, to date, KASH5 in mammals (Morimoto et al., 2012);
ZYG-12 in C elegans (Malone et al., 2003; Sato et al., 2009; Zhou et al., 2009)
and Kms1, Kms2, Csm4 in yeast (Miki et al., 2004; Chikashige et al., 2006; King
et al., 2008; Conrad et al., 2008; Koszul et al., 2008) have been confirmed to
be involved in meiosis (Table 1-1).

In summary, LINC complexes are components of the NE that facilitate
chromosome dynamics through the direct association of INM meiotic
chromosome ends with cytoplasmic structural elements residing outside the
nucleus. LINC complexes function in a highly conserved manner from yeast to

mice and thereby critical for fertility.

Table 1-1 SUN-KASH proteins of the meiotic LINC complex in different

species

A.
S. pombe S. C. elegans M. thaliana
cerevisiae musculus
SUN SUN1 AtSUN1
domain Sad 1 Mps3 Matefin/SUN SUN2 AtSUN2
proteins -1
KASH Kmas1
domain Kms2 Csm4 ZYG-12 KASH5 unknown
protein
Dynein,
Motor Dynactin, Actin motors Dynein Dynein, unknown
Kinesin Dynactin

1.5 Telomere associated proteins and meiosis specific adaptor proteins

1.5.1 Telomere sequences associated protein complex

The chromosome ends of eukaryotes, or telomeres, are specialized
nucleoprotein complexes that protect DNA from degradation, end fusions and
recombination. In most eukaryotes, telomeres are comprised of double-

stranded short tandem DNA repeats (the length of repeats can vary between
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species) and are maintained by telomerase. Vertebrates, like most metazoans,
use the sequence motif (TTAGGG)n at their chromosomes ends (Palm & de
Lange, 2008). These double-stranded telomere repeats (20-50 kb) terminate in
an evolutionarily conserved single-stranded 3'-protution of the G-strand known
as the 3'-overhang (50-500 nt) (Moyzis et al., 1988, Palm & de Lange, 2008).
Conversely, the lineages leading to Nematodes and Arthropods in Metazoans
possess a different telomere motif sequence. For instance, the chromosome
capping in C. elegans is achieved by 4-9 kb of a (TTAGGC)n sequence motif. At
the same time, D. melanogaster uses arrays of telomerase independent
retrotransposons at the chromosome ends (Gomes et al., 2011). In plants like
Arabidopsis, the telomeric motif found consists of TTAGGG repeats (Richards &
Ausubel, 1988). The Arabidopsis-type telomere has been found in most
angiosperms, but several reports indicate that this sequence is absent in related
species (Pich et al., 1996). On the other hand, telomeric repeats in S. pombe
consist of the sequence GGTTACA (Hiraoka et al., 1998) while the telomere
sequence in S. cerevisiae is C1-3 A/TG1-3 (Férstemann & Lingner, 2001).

Telomeres associate with a conserved DNA-binding protein complex known as
shelterin, the primary function of which is to protect telomeres from the
aberrant activation of DNA damage response. Mammalian telomeres associate
with six proteins known as the telomere shelterin complex (de Lange et al.,
2005). From the shelterin proteins, telomeric repeat TRF1 and TRF2 specifically
recognize the double-stranded DNA via its C-terminal SANT/MYB DNA-binding
domain which is part of the homeodomain-like superfamily (Bilaud et al., 1996).
Also, both proteins share a domain structure that consists of a TRF homology
(TRFH) domain through which they bind the DNA as homodimers formed
through their homotypic interactions (Bianchi et al., 1997; Broccoli et al., 1997).
TRF1 and TRF2 recruit the other four shelterin components: TIN2, RAP1, TPP1
and POT1 (de Lange et al., 2005) to the telomeres. Among them, POT1 (POT1a
and POT1b in mice) can bind the single-stranded telomere DNA. Besides, the
TRFH domains of TRF1 and TRF2 encompass a versatile peptide-docking site
through which other target proteins are recruited to contribute in the
maintenance and protection of chromosome ends (Chen et al., 2008). The motif

F/YXLXP on target proteins is critical for their recognition by the TRFH domain.

24



Chapter 1: General Introduction

Therefore, the TRFH domains of TRF1 and TRF2 can recruit and recognize
different specific target proteins to telomeres according with the necessities of
the cell (Palm & de Lange, 2008).

Similarly, in C. elegans, telomerase and shelterin proteins regulate telomere
length (Malik et al., 2000; Cheung et al., 2006; Meier et al., 2006; Shtessel et
al., 2013). Previous work has illustrated that C. elegans homologous to
mammalian POT1 the POT-1 and POT-2 can interact with single-stranded
telomeric DNA in vitro (Raices et al. 2008).

Remarkably, several aspects of the mammalian telomere shelterin complex are
highly conserved in fission yeast somatic telomere complex. S. pombe Tazl is
an ortholog of human TRF1 and TRF2 and binds directly to telomere repeat
sequence (Zhong et al., 1992; Bilaud et al., 1997; Broccoli et al., 1997; Cooper
et al., 1998; Ferreira & Cooper 2001, Nakamura et al. 1998). Also, Rap1 protein
is an ortholog of human RAP1 (Li et al., 2000) that interact with the telomeres
through the binding with Taz1l (Chikashige & Hiraoka, 2001; Kanoh & Ishikawa,
2001). S. cerevisiae lacks a TRF-like telomeric protein, however, have been
demonstrated that Rap1 interact and regulate telomeres length (Marcand et al.
19973, Marcand et al. 1997b, McEachern et al. 2000). Notably, vertebrate POT1
and TPP1 are orthologs of the S. pombe Potl and Tpz1.

In summary, evolutionary conservation of the roles of telomere shelterin
proteins seems to occur at the level of functional domains that enable their

binding to single-stranded DNA, and telomere-sequence recognition.

1.5.2 Meiosis-specific adaptors between Telomeres/PC and LINC complex

Besides telomeres vital functions, they have also been implicated as key players
during meiosis. Several lines of evidence in mice, yeast and plants suggested
that interference with telomere structure compromises the passage through
meiosis (Voet et al., 2003; Carlton & Cande 20002; Lundblad & Szostak, 1989).
Also, it has been demonstrated that the deletion of telomeres or rings as results
of of linear chromosomes rearrangement impedes the process of meiosis (Naito
et al., 1998; Ishikawa & Naito, 1999; Nimmo et al., 1998).

To reinforce the connection between telomeres and the meiotic LINC complex
and their subsequent movement within the NE during prophase I, different
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organisms engage unique meiotic adaptor proteins, which are not well
conserved (Figure 1-4).
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Figure 1-4 Schematic representation of the molecular components that
tether telomeres to LINC complexes in different species.

The LINC complex in different model organisms is composed of a highly conserved SUN
domain protein in the inner nuclear envelope (INM) and a KASH domain protein in the
outer nuclear envelope (ONM). The complex functions to connect the telomeres
indirectly with cytoplasmic microtubules. In fission yeast (S. pombe), the proteins Bqt1-
4 connect the Rap1 and Tazl somatic telomeric proteins with the SUN domain protein
Sadl. In budding yeast (S. cerevisiae) the telomere-associated protein Ndjl interact
with SUN domain protein Mps3 attach telomeres to Csm4. In the case of C. elegans a
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set of four zinc finger proteins (ZIM-1/2/3 and HIM-8) specifically associate to sub-
telomeric chromosome regions known as pairing centers (PCs), but the direct
connectors to the LINC complex is still unknown. In the mouse TERB1-TERB2-MAJIN
meiotic adaptor proteins cooperate with TRF1 telomere shelterin protein to interact
with the SUN1/2 proteins.

In a screen for budding yeast meiotic genes, Ndj1 was the first gene linked to
bouquet formation in S. cerevisiae (Conrad et al. 1997). Cytological analysis of
a Ndj1 mutant showed that telomeres fail to tether to the NE in early meiotic
prophase (Conrad et al. 1997). Ndj1 is a meiosis-specific telomere protein that
interacts with the NE Mps3 (Conrad et al. 2007; 2008). Mps3 is a conserved
SUN family protein of the INM and interacts with Cms4 in the space between
the inner and outer nuclear membranes. Cms4 associates with cytoskeletal actin
filaments and thus enables the formation of a linker complex involving Mps3
and Ndj1 to move chromosome ends within the nucleus (Trelles-Sticken et al.,
2005; Conrad et al., 2007, 2008; Scherthan et al., 2007; Kosaka et al., 2008;
Koszul et al., 2008; Wanat et al., 2008).

As for S. pombe, meiosis-specific proteins Bqtl and Bqt2 were identified
essential in the telomere clustering pathway (Chikashige et al., 2006). Bqtl and
-2 connect the Tazl-Rapl telomere somatic protein to the Sad1—Kms1 (LINC
complex) located in the NE. The Sad1-Kms1 complexes tether telomeres to the
SPB through the nuclear membranes using cytoplasmic microtubules through
an interaction between Kms1 and dynein (Chikashige et al., 2007). In addition
to Bqtl, -2 the Bqt3 and -4 INM proteins are necessary to connect telomeres to
the NE during both vegetative growth and meiosis (Chikashige et al., 2009). It
was shown that in S. pornbe vegetative cells telomeres are anchored to the NE
through direct interaction between the protein Bqt4 and telomeric protein Rap1
(Chikashige et al., 2009). A recent report characterized the crystal structure of
the N-terminus of Bgt4 which contain an APSES DNA-binding domain found in
a family of fungal transcription factors (with diverse roles) (Iyer et al., 2002;
Zhao et al., 2015), which can bind double-stranded DNA (Hu et al., 2018). Also,
it was shown that structural features of Bqt4 could potentially interact with Sad1
(Hu et al., 2019). Bqt3 supposedly is required to protect Bqt4 from protein
degradation by a yet-unknown mechanism (Chikashige & Hiraoka, 2001). In the
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absence of Bqt3 or -4, telomeres fail to associate with the nuclear membrane
(Chikashige et al., 2009).

On the other hand, the nematode C. elegans couples chromosomes to the NE
by sub-telomeric chromosome regions called pairing centers (PCs). PCs are
composed of short repetitive sequences and have localized to one end of each
chromosome (Herman & Kari, 1989; Phillips et al., 2009; Sanford & Perry,
2001). The leading role of PCs is to stabilize pairing, alignment and synapsis of
homologous by promoting assembly of the synaptonemal complex and probably
through their central role in chromosome end attachment (MacQueen et al.,
2005; Woglar & Jantsch, 2014). A family of four paralogous proteins of zinc
fingers, (ZIM-1/2/3 and HIM-8) specifically associated with the PCs (Phillips et
al., 2005; Phillips & Dernburg, 2006). Interestingly the pentameric motif
recognized by the HIM-8 and ZIM zinc finger cores (TTGGC) is closely related
to the telomeric repeat in C. elegans (TTAGGC) (Phillips et al., 2009). The four
members of this zinc finger protein family are essential for coupling
chromosome ends to the LINC complex (SUN-1-ZYG-12) (Phillips & Dernburg,
2006; Penkner et al., 2007) thereby interacting with cytoplasmic microtubule-
associated dynein (Wynne et al., 2012). However, the direct connectors to the

LINC complex (Link & Jantsch, 2019) in C. elegans are still unknown.

Significant progress was made in the identification of mammalian meiosis-
specific telomere proteins involved in the tethering of telomeres during meiosis.
In mice, meiotic TERB1, TERB2 (telomere repeat-binding bouquet formation
proteins 1 and 2) (Daniel et al., 2014; Shibuya et al., 2014; Shibuya &
Watanabe, 2014; Shibuya et al., 2015) and MAJIN proteins (membrane-
anchored junction protein) lead telomere binding between the LINC-complex
and shelterin complex (Shibuya et al., 2015). Although the mouse mutants of
all three proteins are viable, they displayed abnormal bouquet organization and
telomere distribution, loss of chromosomal movements, and aberrant
chromosomal synapsis resulting in sterility (Shibuya et al., 2015; Shibuya et al.,
2014).

A series of cytological and biochemical studies have dissected the assembly

mechanism between meiotic telomere complex and shelterin protein complex
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to achieve telomere attachment to the INM this mechanism in mice (Shibuya et
al., 2015). From early meiosis, the meiotic telomere complex assembly is
formed by TERB2 bridging the interaction with TERB1 at its C-terminus and with
MAJIN through its N-terminus domain. Simultaneously, MAJIN protein connects
with the INM via its transmembrane helix domain (Shibuya et al., 2015).
Subsequently, the TERB1-TERB2-MAJIN complex recruit telomeres to the INM
via direct interaction between TRF1 (Telomeric Repeat binding Factor 1, a
shelterin component) and TERB1, thereby establishing the first bond between
the telomere and the INM (Shibuya et al., 2015). With the progression of
meiosis I, TERB1-TERB2-MAJIN complex released shelterin complex and
matured into a ring structure in which the telomere and the NE are directly
bound. Interestingly, the INM MAJIN protein possesses DNA binding activity
likely required to stabilize telomeric DNA tethering to the INM and resist the
forces of chromosome movement (Shibuya et al., 2015; Dunce et al., 2018).

Summarizing, meiosis-specific telomere adaptor proteins are essential to
accomplish the attachment and movement of chromosomes in prophase I. The
most prominent examples of how meiotic telomeres attach to the nucleoplasm
side of the LINC complex comes from fission yeast studies and the recent
identification of responsible in the mouse. However, it seems that meiosis-

specific telomere complex proteins are not conserved.
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Chapter 2 Aims of the thesis

Meiotic chromosome dynamics is a conserved feature of early prophase I
progression during evolution and is indispensable for initial chromosome
interactions and recombination. Although previous studies in mice unveiled the
meiosis telomere complex adaptor proteins TERB1-TERB2-MAJIN responsible
for assisting chromosomal end connection to the cytoskeletal machinery via the
NE, many aspects are still not well understood. Therefore, the main aim of this
thesis is to provide a better understanding of their role, spatial organization and
evolutionary history of the mouse meiosis specific-telomere adaptor proteins
TERB1-TERB2-MAJIN.

2.1 Investigation of the spatial localization and relationship of TERB1-
TERB2-MAJIN with shelterin protein TRF1 at chromosome ends

during mouse prophase I using Structured Illumination Microscopy

The organization of the meiotic telomere complex and its association with the
shelterin and LINC complexes play a crucial role in the proper meiotic telomere
attachment and movement. Despite recent advances in the identification of the
multiprotein complex TERB1-TERB2-MAJIN and its interaction with TRF1, their
spatial organization/relationship at the chromosome end has been limited by
the imaging resolution of conventional microscopy methods. Hence, this thesis
aims to investigate the spatial localization and organization of TERB1, TERB2
and MAJIN proteins and its relationship with the shelterin protein TRF1 using
high-resolution  Structured Illumination Microscopy (SIM) in mouse
spermatocytes during Prophase I. This would consequently allow gaining
deeper insights into the mechanism of mammalian meiotic telomere

attachment.

2.2 Investigation of the evolutionary history of mouse meiosis-specific
telomere adaptor proteins

Comparative studies from yeast to mouse have demonstrated that conserved

protein families such as SUN and KASH are able to direct chromosome
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movements during prophase I. However, the attachments of telomeres to the
SUN domain in the INM requires telomere meiosis-specific adaptors proteins,
(i.e. Ndjl in budding yeast, Bqtl-4 in fission yeast and TERB1, TERB2, and
MAJIN in mouse) whose sequences are highly divergent.

Thus, a further aim of this thesis is to elucidate, the evolutionary history of
meiosis-specific telomere adaptors genes of the mouse. This would contribute
our understanding in key cellular functions of meiotic telomere, that have been

conserved throughout metazoan evolution.
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Chapter 3 Analysis of the spatial organization of mice meiotic

telomere complex with TRF1 protein

3.1 Introduction

At the onset of meiotic prophase I, the movement of chromosomes is achieved
through the association of telomeres with specialized sites in the NE called
attachment plates. These structures contain LINC complexes composed of SUN-
KASH domain binding-partners (Alsheimer, 2009). The INM protein SUN
interacts with telomeres while KASH domain interacts with cytoplasmic motor
proteins at the ONM (Alsheimer, 2009; Bhalla & Dernburg, 2008; Sheehan &
Pwlowski, 2009; Woglar & Jantsch, 2014; Pradillo et al., 2019). Consequently,
cytoskeletal forces are transduced via LINC complexes to telomeres enabling
chromosome movement (Hiraoka & Dernburg, 2009; Link et al., 2016; Starr &
Fridolfsson, 2010).

Considerably progress made in recent years has led to the identification of the
mammalian meiosis-specific telomere complex TERB1-TERB2-MAJIN (Shibuya
et al., 2014; 2015), responsible for INM tethering of telomeres. Within the
meiotic telomere complex, TERB1 simultaneously interacts with the telomeric
shelterin protein TRF1 and TERB2 through its C-terminus (Shibuya et al., 2015)
(Figure 3-1). On the other hand, MAJIN interacts with TERB2 at its N-terminal
domain and with the INM at its C-terminal by a transmembrane helix (Shibuya
et al., 2015) (Figure 3-1).

Furthermore, TERB1 and MAJIN possess DNA binding properties that may
stabilize the INM tethering of telomeres. In this regard, TERB1 protein sequence
includes a MYB domain at its C-terminal (mouse aa 715-760), which plays a
specific role in accumulating meiotic cohesin subunit SA3 and to specifically
interact with double-stranded DNA telomeric sequences (Daniel et al., 2014;
Shibuya et al., 2014; 2015; Bilaud et al., 1996) (Figure 3.1). Alternatively,
MAJIN confers DNA binding activity independent of the sequence by a basic
segment adjacent the transmembrane helix at its C-terminal (Shibuya et al.,
2015; Dunce et al., 2018, Wang et al., 2019).
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Figure 3-1 Schematic representation of the interacting domains mediating
the simultaneous binding of TERB1-TERB2-MAJIN, telomeric shelterin
protein TRF1, and the SUN1 protein of the LINC complex in mice.

The MAJIN C-terminus contains a trans-membrane binding domain (TM, aa 233-251)
and interacts via its N-terminal domain (NTD, aa 1-120) with a specific C-terminal
domain of TERB2 (CTD, aa 169-202). The TERB2 N-terminal domain (NTD, aa 2-194)
interacts with the C-terminal domain of TERB1 (T2B, aa 594-626) encompassed by the
TRF1-binding domain (TRFB, aa 523-699) which interacts in turn with the TRF
homology domain of TRF1 (TRFH, aa 54-251). The TERB1 N-terminus contains an
armadillo repeat (ARM repeat, aa 16-384) domain that is suggested to interact with
SUN1/2. Both TERB1 and TRF1 also possess a MYB domain (MYB, aa 715-760; aa 367-
416 respectively) that binds telomeric DNA (Shibuya et al., 2014; 2015; Long et al.,
2017; Pendlebury et al., 2017; Zhang et al., 2017).

The mechanism of how meiotic telomere complex is recruited in prophase I to
anchor telomeres to the INM is still poorly understood. Using mutation analysis
in vivo, immunofluorescence microscopy and extensive biochemistry, a model
for the process of telomere INM anchoring was proposed (Shibuya et al., 2015;
Shibuya et al., 2014). Prior to leptotene, TRF1 shelterin protein directly interacts
with TERB1 promoting the initial recruitment of telomere bound TRF1 to the
INM (Shibuya et al., 2015) (Figure 3-2). After the priming attachment in
leptotene-zygotene stages, detected TRF1 co-localization with TERB1-TERB2-
MAJIN (Shibuya et al., 2015). However, in the pachytene stage, TRF1 was
dissociated and distributed in the surrounding area forming a ring-shaped
structure (Shibuya et al., 2015). At this time, telomere DNA co-localized with
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complex TERB1-TERB2-MAJIN but not with TRF1 shelterin protein. The process
in which TRF1 released telomeric DNA to bound TERB1-TERB2-MAJIN complex
was termed cap exchange (Shibuya et al., 2015). Further studies on the
mechanism of cap exchange suggested that the interaction between TERB1-
TRF1 is potentially regulated by a CDK (Shibuya et al., 2014; 2015; Pendlebury
et al., 2017; Long et al.. 2017). The binding region between TERB1-TRF1
overlaps with a predicted CDK phosphorylation site, and a phosphomimetic
mutation was shown to affect the interaction with TRF1 (Pendlebury et al.,
2017; Long et al., 2017).

Meiotic entry . Early prophase | Mid prophase

Microtubules
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boosun oA \ ’ H
INKE TERB2 "Rm.;w ‘J L. .J
% é il

Q/'\ ! 7

S a8 >

TRF1 (f )
Telomeric n 0 Q

DNA (i~ : i
€ & |

» 2 Priming attachment | Mature attachment

Chimeric complex ' Telomere cap exchange

Figure 3-2 Illustration process of telomere INM anchoring of cap exchange
during prophase I in mouse.

Before the cell enters meiotic prophase I, the meiosis telomere complex is sequestered
to the INM through MAJIN by transmembrane helix at its C-terminal. Early on prophase
I, the priming attachment is achieved via the interaction of TRF1-TERB1 forming the
chimeric complex TRF1-TERB1-TERB2-MAJIN. This interaction is critical for SUN1-
KASH5 recruitment in the attachment site of telomeres. The process of attachment
maturates by mid pachytene with the dissociation of TRF1 allowing the direct
interactions of telomeres with meiotic telomere complex (telomere cap exchange).
(Shibuya et al., 2015).
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Previous studies analyzed the mouse meiotic telomere complex in relation with
TRF1 by conventional microscopy (Shibuya et al., 2015) in which the resolution
achieved is limited by the diffraction of light (lateral resolution of 200 nm).
Because the molecular complex responsible for INM tethering of telomeres are
close in size to the diffraction limit of conventional light microscopy, their spatial
relationships during cap exchange remain to be further characterized. The
present thesis aims to understand the role of meiotic telomere complex in
zygotene and pachytene stages by better knowledge of their spatial
relationships with the shelterin protein TRF1. To this end, we analyzed the
localization of meiotic telomere complex either alone or with TRF1 by
performing indirect immunofluorescence assay in intact (3D preservation) and
spread nuclei (2D) from mouse spermatocytes using super-resolution SIM

microscopy.

3.2 Results

3.2.1 SIM provides mouse detailed of somatic shelterin distribution compared to
CLSM

We started evaluating the suitability of Confocal Laser Scanning Microscopy
(CLSM) and Structured Illumination Microscopy (SIM) to study the spatial
organization of meiosis-specific telomere proteins in mice. To this end, we did
proceed to do indirect immunofluorescence (IF) assays on spermatocyte
spreads of young animals (14-18 days old). This selection of young mice was
optimal for spermatocytes spreads because there is an absence of many
spermatozoa and a relative higher percentage of cells undergoing meiosis in
the testis (de Boer et a., 2009). The reference molecules selected for co-
immunostaining were SYCP3 (antibody raised on full-length SYCP3 protein of
Hamster) that detects explicitly AE/LEs of the SC and TRF1 (antibody raised on
19 amino acids of mouse N-terminal protein) telomeric shelterin protein (Figure
3-3). Figure 3-3 A shows the reconstructed 2D SIM image obtained for late
pachytene where the LEs of each homologous chromosome is resolved as two
distinct structures twisted into each other. Besides, a well-defined TRF1 ring-

like structure was observed in some of the chromosomes ends (Figure 3-3 A).
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This result is consistent with the previously described ring shape structure of
TRF1 in late pachytene (Shibuya et al., 2015).

Furthermore, when the line profile of signal arrangements at the end of the SC
was analyzed, we observed discontinuity of the TRF1 signal into two peaks
(Figure 3-3 B-C). Moreover, when the SC structure was analyzed, we identify
the presence of two well-defined peaks with bimodal distribution (Fig 3-3 B-D).
For comparison, the same immunofluorescence experiment was visualized with
CLSM (Figure 3-4). The images obtained showed less detail compared to SIM
when fluorescent line profile scanning for the SC and TRF1 were analyzed. In
this case, the analysis revealed only one single peak suggesting a single
continuous structure for both SC and TRF1 signal (Fig. 3-4 A-D).

Overall, after these experiments, we conclude that SIM is more suitable to study
the meiotic telomere complex compared to CLSM because it displays the
structure with much higher resolution thus allowing precise and comprehensive

investigation of its spatial organization.
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Figure 3-3 SIM image of immunofluorescence with SYCP3
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(A) Representative image showing spread spermatocytes from late pachytene stage
labelled with SYCP3 (green) and TRF1 (red) antibodies. The white arrowhead marks

the XY body. (B) Magnified view of one chromosome end (inset in A). Line profile of

intensities was recorded at the end of the SC (C) and the middle

of the chromosome

(D). (Scale: 5 um). Figure adopted from Eva-Maria Minarsch (Bachelor thesis, 2017).
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Figure 3-4 CSLM image of immunofluorescence with SYCP3 and TRF1.

(A) Representative image showing spread spermatocytes from late pachytene stage
labeled with SYCP3 antibody marked with Alexa 488 (green) and TRF1 marked with
Alexa 647 (red). (B) Magnified view of the SC end (inset in A). Line profile of intensities

was recorded at the end of the SC (C) and the middle of the chromosome (D). (Scale:

5 pm). Figure adopted from Eva-Maria Minarsch (Bachelor thesis,
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3.2.2 TERB2 signal distribution is heterogeneous in comparison with TERB1 and

MAJIN binding partners at chromosome ends

To determine how MAJIN, TERB2, and TERB1 proteins are localized their
immunostaining patterns in zygotene and pachytene stages in mouse

spermatocytes were examined by SIM imaging (Figure 3-5 a-c and 3-6 a-d).

Pachytene

Figure 3-5 SIM image of immunofluorescence with SYCP3, TERB2, and
MAJIN.

SIM image of (a) mouse zygotene spermatocyte chromosome spread, (b-c) mouse
pachytene spermatocyte chromosome spread with anti-SYCP3 (green), anti-TERB2
(cyan) and anti-MAJIN (magenta). Scale bar 3 pm. White squares represent the

telomere ends used for display and analysis in Figure 3-7 A-C.
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Structurally preserved

pachytene nuclei Pachytene

Figure 3-6 SIM image of immunofluorescence with SYCP3, TERB2, and
TERB1.

SIM image of (a) structurally preserved mouse pachytene nuclei and (b-d) mouse
pachytene spermatocyte chromosome spread stained with anti-SYCP3 (green), anti-
TERB2 (cyan) and anti-TERB1 (magenta). Scale bars 5 um (a) and 3 um (b-d). White

squares represent the telomere ends used for display and analysis in Figure 3-8 A-C.

Early zygotene spermatocytes were evidenced by largely unpaired AEs positive
staining for SYCP3 (Figure 3-5 a and 3-7 A). In this stage, MAJIN (antibody
raised against mouse amino acids 18-30) exhibited one punctate signal often
located at the centre of each chromosome ends (Figure 3-7 A). By contrast,
TERB2 (antibody raised against mouse full-length) staining revealed a signal
split in two enclosing the one dense MAJIN per chromosome end (Figure 3-7
A). Subsequently, pachytene stage spermatocytes were evidenced by the fully
synapsed of homologous chromosomes axis (Figure 3-5 b-c and Figure 3-7 B).
MAJIN localization in pachytene stage revealed dense dots signal in frontal and
lateral views of the LEs ends (Figure 3-7 B). Conversely, TERB2 signal exhibited
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a semi-hoop configuration surrounding the MAJIN signal in different top views
(Figure 3-7 B).

To better understand the fluorescence distribution of co-staining with MAJIN
and TERB2 line profiles of their intensity fluorescence were performed in top
and frontal views. As a result, in top views, the intensity signal distribution of
MAIJIN is rarely reduced, while TERB2 signal intensity is more heterogeneous
(Figure 3-7 C). However, frontal views line profiles (obtained from 26
chromosomes ends) revealed overlapping of the signal distributions (Figure 3-
7 C) in accordance with its ability of TERB2 to interact with MAJIN (Shibuya et
al., 2015).

Next, the spatial distribution of TERB1, TERB2, and SYCP3 by SIM was analyzed
in pachytene cells (Figure 3-6 a-d). TERB2 localization signal was distributed
lying outer more to the chromosome axis in comparison with the compact
TERB1 signal (antibody raised against mouse amino acids 525-540) in
structurally conserved nuclear samples, (Figure 3-8 A).

When double immunolabeling of TERB2 and TERB1 was performed in
pachytene spreads cells TERB1 localized distally at the end of the LEs. At the
same time, TERB2 distribution is proximal to the chromosome axis in both
lateral and top views (Figure 3-8 B).

Noticeably the analysis of frontal views (25 chromosome ends) TERB2 and
TERBL1 intensity line profiles indicated that their signals overlap (Figure 3-8 C).
Similarly, single line profiles of lateral and top views suggested that TERB2 and
TERBL1 overlap in a significant fraction (Figure 3-8 C ) in line with their mutual
dependency interaction (Shibuya et al., 2015).

In conclusion, TERB2 localized more proximal to the chromosome axis and
adopt a more heterogeneous signal distribution in comparison with MAJIN and
TERBL1 in both zygotene and pachytene stages.
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Figure 3-7 Super-resolution microscopy of the meiotic telomere complex
TERB2-MAJIN and SYCP3.

Structured illumination microscopy of mouse zygotene and pachytene spermatocyte

Frontal
view

Norm, Hcd intensity

chromosomes spread preparation stained with anti-SYCP3 (green), anti-TERB2 (cyan)
and anti-MAJIN (magenta). Scale bars, 0.3 and 0.5 pym. Full images are shown in Figure
3.4. Higher magnification image of separated telomeres in zygotene-spermatocytes
(A). Higher magnification of late pachytene-spermatocytes, in frontal and lateral top
views of spread chromosomes (B). Line scans corresponding to the yellow line of
TERB2 and MAJIN signals distribution (C). The figure is adopted from Dunce et al.,
2018.
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Figure 3-8 Super-resolution microscopy of the meiotic telomere complex
TERB1-TERB2 and SYCP3.
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Structured illumination microscopy of mice zygotene and pachytene spermatocyte
chromosomes of spreading and preserved nuclei structure preparation stained with
anti-SYCP3 (green), anti-TERB2 (cyan) and anti-TERB1 (magenta). Full images are
shown in Figure 3.6. Scale bars, 0.3 and 0.5 pm. Higher magnification image of
preserved nuclei structure preparation pachytene-spermatocytes separated (A). Higher
magnification, in frontal and lateral top views of spread pachytene-spermatocytes
chromosomes (B). Line scans corresponding to the yellow line of TERB2 and TERB1
signals distribution (C). The figure is adopted from Dunce et al., 2018.
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3.2.3 TRF1 protein exhibit grasp-like distribution surrounding the meiotic

telomere complex.

During meiosis, the somatic telomere shelterin complex is modified to associate
with TERB1-TERB2-MAJIN complex to accomplish chromosome movement. It
has been postulated that in pachytene stage the telomere shelterin complex is
exchanged to enable telomeric DNA interactions with meiotic telomere complex
in @ process called cap exchange. The dissociation of shelterin proteins (cap
exchange) has been cytologically observed using conventional microscopy
methods as a ring-shaped structure in the pachytene stage (Shibuya et al.,
2015). To provide a more accurate description of the spatial relationships
between meiotic telomere complex and TRF1, their localizations were analyzed
in both zygotene and pachytene stages by SIM imaging (Figure 3-9 a-f; and
Figure 3-10 a-e).

Structurally preserved

Zygotene pachytene nuclei Pachytene

-
SYCP3
TRF1
MAJIN

Pachytene Pachytene

— BMAJIN

Figure 3-9 SIM image of immunofluorescence with SYCP3, TERB1, and TRF1.
Widefield SIM image of mice spermatocyte zygotene spread cells (a), structurally
preservation of pachytene nuclei (b) and pachytene spread cells (c-f) stained with anti-
SYCP3 (green), anti-TRF1 (cyan) and anti-TERB1 (magenta). The white square

indicates the telomere ends analyzed in Figure 3-11 A-C and E. Scale bars 3 ym
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Figure 3-10 SIM image of immunofluorescence with SYCP3, MAJIN, and
TRF1

SIM reconstructed images of mice Zygotene spread cells (a), pachytene spermatocytes
spread cells (b-d), and structurally preserved nuclei pachytene cells (e) co-stained with
anti-SYCP3 (green), anti-TRF1 (cyan) and anti-MAJIN (magenta). The white square

indicates the telomere ends analyzed in Figure 3-12 a-c. Scale bar 0.3 pm and 0.5 pm

(b).

Staining showed a substantial degree of overlap between the localization of
TRF1 and TERB1 at the end of the unpaired AEs at the zygotene stage (Figure
3-11 A). As evident from Figure 3-12 a, a similar pattern was visualized in
zygotene spermatocytes co-stained for TRF1 and MAJIN. In contrast to previous
findings (Shibuya et al., 2015), these results indicate that signal distribution
between TERB1 or MAJIN with TRF1 in zygotene stage are closely adjacent but
not directly co-localizing.

Subsequently, when co-staining of TRF1 and TERB1 were analyzed in late
pachytene stage, TRF1 signal revealed two elongated dots or semi-ring-like
pattern distributions localized at the sides of the end of each LE surrounding
the dense TERB1 signal (Figure 3-11 B and D). A similar pattern was detected

when co-staining with antibodies against MAJIN and TRF1 in cell spreads or
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nuclei preserved samples. As indicated in Figure 3-12 b and d, TRF1 signal
distribution localized at the side and more proximal to the chromosome axis
enclosing the MAJIN signal distribution more distally localized at the end of
chromosomes.

In agreement with previous findings (Shibuya et al., 20015), TRF1 ring-like
shape structure was observed in pachytene stage and distributed at outer
portions of LEs ends in comparison with the relative central position of TERB1
or MAJIN at LEs ends (Figure 3-11 C and Figure 3-12 c).

From these results, it seems that TRF1 adopt a grasp-like distribution enclosing
TERB1 and MAIJIN within the end of LEs. Such a distribution pattern between
TRF1 and meiotic telomere complex appears to be independent of the presence
or not of TRF1 ring-like arrangement. In support of this observation, top views
line profiles revealed that the maximum intensity distribution of TERB1 and
MAIJIN are located in the regions of reduced intensities of TRF1 suggesting
different relative positions of these proteins within the end of LEs (Figure 3-11
E and Figure 3-12). Finally, to further examine the signal distribution between
TRF1 and meiotic telomere complex in pachytene stages, line profiles of 25
chromosome ends from frontal views were analyzed. The resulting data showed
that the signal distribution between TRF1 and MAJIN or TERB1 are slightly
separated but still overlapping in a significant fraction (Figure 3-11 E and Figure
3-12 e). This result may reflect a reorganization of TRF1 instead of a complete
dissociation to enable telomeric DNA interactions with meiotic telomere complex

as described in the process of cap exchange (Shibuya et al., 2015).
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Figure 3-11 Super-resolution microscopy of the meiotic telomere complex
TERB1-TRF1 and SYCP3.

Higher magnification of SIM image from co-immunostaining of TERB1 (magenta), TRF1

um
TRF1 ~——TERB1

(hot-cyan) and SYCP3 (green) in zygotene (A) and pachytene-spermatocytes spread
cells (B-C), and spermatocytes of preserved nuclei structure (D) preparations.
Evaluation of average line profile of frontal view (n=25) and a sole line profile showing
the distribution of Lateral-top view signal (E). Scale bars, 0.3 and 0.5 um. The figure is
adopted from Dunce et al., 2018.

46



Chapter 3: Analysis of the spatial organization of mice meiotic telomere

complex with TRF1 protein

a Zygotene d Pachytene
b Pachytene e

Frontal-top view z1 /\
Y08
—— € \»
3 0.6
Lateral-top F E o
view 2 o
4 0
0 05 1
—MANN T TRF1
Lateral-top Frontal view Z 1
view : i/\
2 os
3
0
H 0
Frontal-top
view

C

Lateral-top
view
Lateral-top
view

Figure 3-12 Super-resolution microscopy of the meiotic telomere complex
MAJIN, TRF1 and SYCP3.
Higher magnification of SIM image from co-immunostaining of MAJIN (magenta), TRF1

os
wm
Syce3 TRF1 e MAJIN

(hot-cyan) and SYCP3 (green) in zygotene (a) and pachytene- spread spermatocytes
(b-c) and (d) spermatocytes of preserved nuclei structure preparations. Average line
profile of frontal view (n=25) and a single line profile showing the distribution of
Frontal-top view signal (e). Scale bars, 0.3 and 0.5 pym. The figure is adopted from
Dunce et al., 2018.
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3.2.4 Telomeric DNA localization and its relationship with the meiotic telomere

complex

As mentioned earlier, in the maturation process of cap exchange shelterin
complex dissociates from telomeric DNA leading to its association with TERB1-
TERB2-MAIJIN in pachytene stage (Shibuya et al., 2015). The critical question
raised is how meiotic telomere complex might engage telomere DNA during cap
exchange. To determine how meiotic telomere proteins and telomeric DNA are
distributed at chromosome ends, we performed immunofluorescence assays in
combination with DNA FISH in spermatocytes cell spreads (Figure 3-13 A). In
contrast to the findings of Shibuya et al., (2015), TERB2 and telomeric DNA
staining pattern partially overlap. A complete co-localization was not observed
(Figure 3-13 B). Of note, telomeric DNA signal showed two dots laterally
distributed at each LEs ends, whereas TERB2 signal displayed more central
distribution at LEs ends (Figure 3-13 B). Moreover, in some orientations, the
localization of telomeric DNA is distal to TERB2 signal, which is more proximal
to the chromosome axis. These results reflect an association of meiotic telomere

complex and telomeric DNA but likely occupy distinct areas with some overlap.
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Figure 3-13 SIM of Immuno-TeloFISH with TERB2 and SYCP3.
Representative SIM image of a cell spreading preparation stained for SYCP2 protein

(green), TERB2 protein (hot cyan) and Telomeric DNA (hot orange). Scale bar 0.5um

3.3 Discussion

3.3.1 SIM provides information about meiosis specific protein localization that

cannot be obtained by conventional CLSM

Previous research has identified in mammals the TERB1, TERB2, and MAJIN
proteins to form a specialized meiotic telomere complex that is responsible for
chromosome anchoring to the nuclear envelope (Shibuya et al., 2014; 2015).
However, these studies have used conventional microscopy techniques, in
which spatial resolution is limited by diffraction to approximately half the
wavelength of light (Abbe, 1873). In this study, we used super-resolution
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microscopy (SIM) to provide insightful structural details of the meiotic telomere
complex and the shelterin complex.

In contrast, with conventional optical microscopes such as CLSM which are
limited to a lateral resolution ~220 nm, SIM gives a twofold increase in lateral
resolution ~110 nm and provides optical sectioning without discarding any light
by a pinhole or other mask (Gustafsson et al., 2008). Moreover, the SIM method
uses the so-called interference effect to reveal hidden spatial information of the
fluorescence signal, which is then calculated through mathematical Fourier
transformation (Langhorst et al., 2009). Following computational reconstruction
of the recovered high spatial frequency information contained within these
moiré fringes, the resolution achieved is beyond the limit of conventional light
microscopes.

SIM imaging data revealed a separation between the LEs (about 100 nm) as a
twisted, double-stranded structure. The results are in general agreement with
other reports (Yoon et al., 2018) in which SIM provided more detailed
information of the SC morphology compared to the CLSM. Also, SIM imaging is
advantageous when performing triple immunolocalization due to its
compatibility with currently available dyes and robustness in sample
preparation. Thus, SIM imaging provides more detailed information on the
spatial relationships between TRF1 and the meiotic telomere complex compared

to conventional light microscopy.

3.3.2 Relative position and signal morphology of TERB1-TERB2-MAJIN within the

meiotic telomere complex.

Previous works have recently shown the molecular interaction between TERB1-
TERB2-MAJIN using knock out mice strains, cellular, and genetic approaches
(Shibuya et al., 2015; Zhang et al., 2017). Although these studies have provided
valuable information on protein-protein interactions that mediate meiotic
telomere complex, the spatial organization in the context of meiotic telomeres
is poorly resolved. In the present thesis, SIM imaging in spread cells and
structurally preserved nuclei of mice spermatocytes were performed to examine
the distribution pattern of TERB1-TERB2-MAIJIN within the end of LEs.
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SIM imaging recognized closely association between TERB1-TERB2-MAJIN in
consistence with the mutual dependency for telomere attachment to the NE
(Shibuya et al., 2015). It was noticeable that MAJIN and TERB1 displayed in
zygotene and pachytene stages dense punctuate signals distally localized at the
LEs ends (Figure 3-14 A-B).

In contrast, SIM imaging revealed two dots signal per LEs end for TERB2 in
zygotene and more heterogeneous signal distribution in the pachytene stage.
Although in frontal views MAJIN and TERB1 clearly overlap with TERB2 signal,
in top-views TERB2 appeared to surround MAJIN and cap TERB1 (Figure 3-14
A-B). Such an arrangement of TERB2 could act as a platform for association
with TERB1 and MAJIN or other binding partners still not identified. Previous
crystallographic studies have shown that TERB2 interacting region with MAJIN
form a 2:2 heterotetrameric and can adopt greatly extended conformations. In
contrast, the interacting region with TERB1 can form a 1:1 complex providing
a molecular scaffold to link the interacting domains of MAJIN and TERBI.
Furthermore, it has been demonstrated that MAJIN is highly unstable in the
absence of TERB2, implying that its presence is essential for MAJIN dimerization
(Dunce et al., 2019).

It is conceivable although that the staining patterns for TERB1 and MAJIN
observed in this study may represent primarily the positions of the C-terminus
and the N-terminus (peptide antigens used to raise the antibodies) respectively
and may not reflect the entire protein distribution. Further studies are required
to reveal the details of meiotic telomere complex distribution using the full-
length protein for manufacturing antibodies against TERB1 and MAJIN.

In conclusion, the relative positions of TERB2 with TERB1 and MAJIN indicate
extensively overlapping of their distribution in zygotene and pachytene stages.
The signal morphology of TERB2 is broader and more proximal to the
chromosome axis than the discrete signal morphology for TERB1 and MAJIN at

LE ends of pachytene spermatocytes.
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Figure 3-14 Schematic model for the distribution of meiotic telomere

complex in frontal and top views of LEs ends.
A) Distribution of MAJIN (magenta) and TERB2 (cyan) at LEs end (green) in zygotene
and pachytene stages. B) Distribution of TERB1(magenta) and TERB2 (cyan) at LEs

end (green) in pachytene stage

3.3.3 TRF1 is partially displaced from telomeric DNA and not fully dissociated in

the process of INM telomere attachment.

In early meiotic prophase I, telomeres associate with meiotic telomere complex
via TRF1 shelterin protein (Shibuya et al., 2015). As the process of attachment
maturates in pachytene stage, TRF1 dissociates telomeric DNA to bind TERB1-
TERB2-MAIJIN. This process termed cap exchange supposedly involves the
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rearrangement of the shelterin complex components into an annular structure
in close vicinity of telomeres (Shibuya et al., 2015).

In this thesis, SIM imaging was applied to understand better the spatial
relationship of TRF1 with meiotic telomere complex in mouse spermatocytes.
In contrast to previous findings (Shibuya et al., 2015) the double staining of
TRF1 with TERB1 or MAJIN suggested that TRF1 may occupy distinct areas
within the unpaired chromosome ends in zygotene stage (Figure 3-15 A).

As meiosis progressed, TRF1 arrangements were observed in frontal or lateral
views as two elongated dot signals, and semi-ring structures at the side of LE
ends with grasp-distribution enclosing the relative centralized TERB1 and MAJIN
signals in pachytene stage (Figure 3-15 B).

In line with previous findings (Shibuya et al., 2015), TRF1 ring-like arrangement
was identified. However, since such TRF1 ring-like arrangement was mostly
observed at fully synapsed chromosomes ends, it may reflect the lateral
overlapping of semi-ring-like structures of TRF1. Thus, the data obtained does
not determine whether the arrangement in a ring-like structure of TRF1 and
other shelterins is essential for the maturation process of telomeric DNA
interactions with meiotic telomere complex (Shibuya et al., 2015). Nevertheless,
the telomeric DNA staining pattern revealed a discrete distribution at the side
of the LEs ends (Figure 3-15 C), which nicely correlates with the relative position
described for TRF1. Also, it was demonstrated that the localization of telomeric
DNA partially overlaps with the relatively centralized location of TERB2 at LEs
ends (Figure 3-15 C). Based on these observations, it is likely that TRF1 is
partially displaced from telomeric DNA rather than showing a complete
dissociation. This last would allow reinforcing the interaction of telomeric DNA
with the meiotic telomere complex. In line with these observations, previous
biochemical experiments demonstrated that the ability of TERB1-TERB2-MAJIN
to bind DNA is inhibited by the presence of TRF1’s TRFH domain suggesting
competitive inhibition of DNA binding upon recruitment of TRF1 by TERB1
(Dunce et al., 2018).

53



Chapter 3: Analysis of the spatial organization of mice meiotic telomere

complex with TRF1 protein

A Zygotene

Frontal view

Topview

Frontal view Top view

Figure 3-15 Schematic model of the relative distribution of TRF1, meiotic
telomere complex and telomeric DNA at the end of LEs ends.

Staining patterns and relative distribution of TRF1 (cyan), MAJIN (magenta) and TERB1
(magenta) at the end of LEs ends of frontal and top views in zygotene (A) and
pachytene (B) stage. Localization of telomeric DNA (orange) and TERB2 (cyan) at the
LEs end (green) and their relative distribution position in frontal and top views (C).
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Chapter 4 Evolutionary history of the mouse meiotic telomere

complex

4.1 Introduction

Telomeres-led chromosome movement along the NE is an evolutionarily
conserved meiotic process essential for pairing and recombination of
homologous chromosomes. As described earlier, the forces required for
chromosome movement are generated in the cytoplasm and transduced into
the nucleus via SUN-KASH proteins (LINC complex), which are widely conserved
in animals, yeast, and plants (Link & Jantsch, 2019; Pradillo et al., 2019; Zeng
et al., 2018). Furthermore, to establish the connection between telomeres and
the LINC complex, different organisms engaged different meiotic protein
adaptors. In mouse TERB1, TERB2, and MAJIN telomere adaptor proteins
associate with somatic telomeric protein TRF1 to establish the connection of
telomeres to the meiotic LINC complex (Shibuya et al., 2014; 2015; Daniel et
al., 2014). A similar mechanism in S. pombeinvolves the Bqt1-2 meiosis-specific
telomere adapter that connects the Taz1-Rap1l telomere proteins to Sadl SUN
domain protein in a complex with nuclear membrane proteins Bqt3-4
(Chikashige & Hiraoka, 2001; Chikashige et al., 2006; 2009; Miki et al., 2004;
Cooper et al., 1998). However, no protein sequence similarity was detected
between mouse and yeast telomere adaptor proteins suggesting that meiotic
specific telomere adaptor proteins are highly divergent. Therefore, the purpose
of this study is to unravel the evolutionary origin of the mouse TERB1-TERB2-
MAJIN complex and conservation of the mechanism to anchor telomeres to the
NE.

4.2 Results

4.2.1 Mouse TERB1, TERB2, MAJIN are restricted to metazoans

The study started with the identification of mouse TERB1, TERB2, and MAJIN
homologs in distant lineages using PSI-BLAST (Altschul et al., 1997). As a result,
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the survey of public databases identified putative homologous proteins among
metazoans (Supplementary Table 10-1, Table 10-3, and 10-3). Most of the
putative homologous proteins obtained were in Deuterostomes, particularly in
Vertebrata, but also in Cephalochordata, Echinodermata, and Hemichordata.
Also, homologs were detected in Lophotrochozoa in Mollusca, Annelida and
Brachiopoda representatives. In contrast, only a few putative homologs were
found in the Ecdysozoan representatives Priapulida and Arthropoda.
Remarkably, we detected putative homologs of mouse TERB1, TERB2, and
MAIJIN in non-bilateral invertebrates in Cnidaria, Placozoans and Porifera
lineages. Also, we noted that TERB1, TERB2, and MAJIN homologs were present
in one single copy, in the metazoan lineages, even in the case of vertebrate
genomes which underwent two rounds of duplication (Dehal & Boore, 2005).
This result suggests that paralogs of TERB1, TERB2, and MAJIN were not
retained during the evolution. As expected, we were not able to detect
homologous sequences in Choanoflagellates, Fungi and Plants.

In general, these results strongly suggest that mice TERB1, TERB2, and MAJIN
are likely originated before the formation of bilaterian in metazoan

diversification.

4.2.2 The evolutionary history of mouse TERB1-TERB2-MAJIN complex

To understand the origin and evolutionary history of mouse TERB1, TERB2, and
MAJIN, taxonomically balanced Bayesian trees were built, and nodes were
evaluated with posterior probabilities. For simplicity, only posterior probabilities
< 0.75 are shown in the trees. Although a small number of sites were kept for
phylogenetic analysis, particularly for MAJIN (39 sequences; 57 amino acid
positions kept) and TERB2 (41 sequences; 71 amino acids positions kept) the
topologies of the Bayesian trees showed that members belonging to Cnidaria,
Lophotrochozoa and Deuterostome are more closely related to each other than
any of them are to any non-member (Figure 4-1 and Figure 4-3). In the case
of TERB1, more positions could be kept for the analysis (42 sequences; 232
amino acid positions kept), resulting in a robust resolution and nodes with
higher statistical support (Figure 4-1). These results indicate a lack of
phylogenetic signal instead of a true conflicting signal and are consistent with
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the commonly accepted view of the metazoan tree (Philippe et al. 2009; Telford
et al., 2015).

Furthermore, within the clade of Vertebrata, the relation among sequences are
considerably consistent with the systematics (Meyer & Zardoya, 2003) (Figure
4-1, 4-2, and 4-3), and the resolution within the vertebrates is confirmed by
enough statistical support in most of the nodes. In contrast, for Ecdyzosoa, long
branches were detected for the Arthropoda candidates corresponding to TERB1
and TERB2, indicating high rates of divergence (Figure 4-1 and 4-2).

Overall, these results clearly indicate that TERB1, TERB2, and MAJIN date back
to the antecessor of all present-day metazoans.
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Figure 4-1 Evolutionary history of metazoan TERB1 proteins.

Unrooted Bayesian tree of TERB1 proteins inferred with MrBayes. The values > 0.75
represent posterior probabilities at the branch. The taxa lacking a MYB domain for
TERB1 are highlighted in yellow. The length of each branch is proportional to the
number of amino acid substitutions per site that have occurred. The scale at bottom

left, displays the average number of substitutions per site. The dataset and the
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computational tree calculation was supported and confirmed by Céline Brochier-

Armanet
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Figure 4-2 Evolutionary history of metazoan TERB2 proteins.

Bayesian phylogenetic tree constructed for TERB2 proteins. Bayesian posterior
probabilities >0.75 are indicated at the branches. The length of each branch is
proportional to the number of amino acid substitutions per site that have occurred. The
scale at bottom left, displays the average number of substitutions per site. The dataset
and the computational tree calculation was supported and confirmed by Céline

Brochier-Armanet.
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Figure 4-3 Evolutionary history of metazoan MAJIN proteins.

Bayesian phylogenetic tree from MAJIN proteins. Branch robustness is indicated by
posterior probabilities > 0.75. The length of each branch is proportional to the number
of amino acid substitutions per site that have occurred. The scale at bottom left,
displays the average number of substitutions per site. The dataset and the
computational tree calculation was supported and confirmed by Céline Brochier-

Armanet

4.2.3 Binding sites between TERB1-TERB2-MAJIN are conserved among

metazoans

To gain further information of the most conserved domains within the TERB1-
TERB2-MAJIN complex, multiple sequence alignment of the representative
homologous sequences were performed using PROMALS3D (Pei et al., 2008).
PROMALS3D enhanced the database searches incorporating secondary
structure prediction in distantly related homologs (Pei et al., 2008).

The amino acid sequence alignment of TERB1 revealed conserved domain
architecture of N-terminal ARM repeat (aa 16-384 of mice) and C-terminal MYB
(aa 715-747 of mice) domain among Porifera, Cnidaria (Hydrozoans), Annelida,

Mollusca, Brachiopod, Echinodermata (Asterozoa) and Vertebrata (Figure 4-4,
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Supplementary Figure 10-1). Furthermore, the specific region in the C-terminus
of TERB1 necessary for the interaction with TERB2 (T2B) (aa 593 -622 of mice)
(Zhang et al., 2017) was conserved in almost all the candidates analyzed
(Supplementary Figure 10-2). However, candidate species of Cnidaria
(Anthozoa), Arthropoda, Priapulida, Cephalopoda, Hemichordate and
Cephalochordate sequences appear to lack the MYB-domain. The apparent lack
of MYB domain probably derives from poorly sequence annotation.

In addition, the C-terminal region of the TERB1 contains a motif (IxLxP) (aa
646-650 of mice) essential for the interaction surface of TRF1 protein in
vertebrates (Long et al., 2017). Nevertheless, this region was not detectable
within invertebrate taxa suggesting that TERB1 may be targeted differently to
TRF1 outside the lineage of Vertebrata (Figure 4-4).

As for TERB2, the most highly conserved region falls into the N-terminal domain
(aa 1-116 of mice). Although several gaps were introduced in the alignment
because of variations in amino acid sequences, a considerably smaller region of
the C-terminus of TERB2 (aa 174-209 of mice) revealed a high level of
conservation (Figure 4-5, Supplementary Figure 10-3). These results imply that
from human to cnidarians the most conserved parts of TERB2 come from the
regions necessary for the interaction of both TERB1 and MAJIN. Remarkably,
towards the N-terminus on all TERB2 sequence analyzed, a conserved motif
(FXLxP) (aa 86-90 of the mouse) was found which resembles the canonical
binding motif of shelterin-associated to interact with TRF1 and TRF2 in
mammals (Chen et al., 2008). This result suggests that TERB2 may potentially
recognize the TRFH domain of shelterin telomere proteins.

Finally, the MAJIN multiple sequence alignment identified high similarity on the
N-terminal domain in all taxa (aa 1-112 of mice) which is a necessary region for
the interaction with TERB2 (Shibuya et al., 2015) (Figure 4-6, Supplementary
Figure 10-4). The C-terminal part of the mouse MAJIN protein ends in a trans-
membrane binding domain (TM, aa 233-251) characterized by hydrophobic
amino acids involved in the anchoring of MAJIN to the INM. Small stretches of
similarity and helix structure predictions in inside the hydrophobic TM domain

this region were detected (Supplementary Figure 10-4). These results suggest
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the presence of a potential transmembrane domain at the end of the C-terminal
domain of the taxa analyzed.

As a final point, the multiple sequence alignment showed a high similarity of
the interacting region between TERB1-TERB2-MAJIN, suggesting conservation

of functional domains from a common ancestor.
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Figure 4-4 Multiple sequence alighment of candidate TERB1 metazoan
proteins revealed highly conserved domain organization

TERB1 multiple sequence alignment with various representative metazoan species
using PROMALS3D and annotated using ESPrit 3.0. The threshold for grouping of the

residues was set to 70% and is depicted in yellow. Amino acid positions conserved in
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all taxa are highlighted in red. Species names are shown on the left. The horizontal
lines above the alignment indicate domain boundaries. Armadillo repeat; ARM repeat
(aa 16-384 of mouse), T2B; binding site of TERB2 (aa 594-626 of mice) and MYB;
homeodomain (aa 715-760 of mouse). The violet square indicates the docking site of
TERB1 (IxLxP) to bind TRF1.
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Figure 4-5 Multiple sequence alignhment of candidate TERB2 metazoan
proteins showed conservation at regions which interact with TERB1 and
MAJIN.

Multiple sequence alignment of putative orthologs of mouse TERB2 among metazoans
representatives through PROMALS3D. The annotation was performed with ESPrit 3.0
and the threshold for grouping of the residues was set to 70% highlighted in yellow.
Species names are shown on the left. The horizontal lines above the alignment indicate
domain N-terminal (NTD) (aa 2-194 of mouse) and C-terminal (CTD) (aa 169-202 of
mouse) of TERB2. The motif [F/YxLxP] detected in all TERB2 sequences is shown in

the dark blue rectangle
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Figure 4-6 Multiple sequence alignment of candidate MAJIN metazoan
proteins revealed prominent conservation at its N-terminal domain.

Above the alignment the light blue denotes that the N-terminal domain (NTD) (aa 1-
120 of mouse) is the most conserved in all the taxa. The alignments were annotated
using ESPrit 3.0. The threshold for grouping of the residues was set to 70% and is

visualized in yellow. Species names are shown on the left.

4.2.4 Insights into a meiotic role for TERB1, TERB2, and MAIJIN in the ancient
phylum Cnidaria

To provide insights into an early origin of the meiotic telomere complex, we
conducted expression analysis in Hydra vulgaris. In terms of evolution, Hydra
vulgaris represents the old phylum Cnidaria and is the sister group of bilateral
lineages leading the metazoan tree before the Urbilaterian comes into
existence.

Firstly, was checked whether the mouse counterpart, hydra homolog transcript
model TERB1 (GenBank ID: XM_01270454), TERB2 (GenBank ID:
XM_012706454) and MAJIN (GenBank ID: XM_01270399) have a complete
open reading frame. Only the model transcript for hydra TERB1 lacked the
3'UTR; thus, the predicted protein lacks the stop codon. Therefore, blastn
analysis was performed with hydra meiotic telomeres transcripts models, in
assembled transcript (e.g. est, tsa) databases at NCBI and Compagen
(http://www.compagen.org/datasets). This last allowed to target the full-length
coding region (ORF) and make primer design more robust. The resulting

analysis detected a putative ORF of hydra Terbl from an assembled transcript
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sequence (GenBank ID: GGKF01021594). Also, an assembled transcript
(GenBank ID: GEVZ01007256.1) which contained a complete ORF for Hydra
Terb2 was identified which was used to strengthen our primer design in
combination with its the transcript model. After the designed of specific primers
(Table 7-3), the cDNA from total mRNA of approximately 50 Hydra vulgaris
individuals from the AEP strain were amplified by RT-PCR.

As shown in Figure 4-7 A-C, the hydra Terb1, Terb2, and Majin were found to
be expressed in Hydra vulgaris with the expected fragment size. The
corresponding amplified sequences were isolated, sequenced and verified for
the obtained full-length or nearly full-length cDNA compared with the transcript
reference sequence (Supplementary Figure 10-5, 10-6, and 10-.7).
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Figure 4-7 Expression of meiotic telomere complex in Hydra vulgaris.
RT-PCR analysis of the complete ORFs of identified hydra Terbl (A), Terb2 (B) and
Majin (C). The expected size of the full ORF: 2380 bp (HyTerb1), 1780 bp (HyTerb2),
and 699 bp (HyMaijin). DNA-Ladder refers to the molecular-weight size marker

To discern a possible meiotic role, we analyzed the expression patterns of hydra
Terbl, Terb2, and Majin in four different body fractions by RT-PCR.
Approximately 80 hydras were used to isolate head, body-column, testes, and
foot total RNA. Equal amounts of RNA were used for cDNA synthesis. The
primers were designed to span exon-exon boundaries using the genomic
information of hydra Terbl (GenBank ID: NW_004171015), Terb2 (GenBank
ID: NW_0041710153), and Majin (GenBank ID: NW_004173123) to reduce the
chances of amplifying DNA contaminants from the process of RNA isolation
(Table 8-2). As is indicated in the Figure 4-8 A, all three transcripts are

predominately or exclusively found in the testes fraction while a slight
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amplification in the body-column could be contamination from testes pieces that
were not completely removed.

In contrast, no amplification was detectable in head and foot fractions. Hydra
Actin was used as an internal control. As is shown in Figure 4-8 A, equal
amounts of mRNA amplification were detected for hydra Actin. These
expression patterns of Hydra putative meiotic telomeres transcripts strongly
suggest a role in meiosis.

Besides, to confirm this expression pattern, we evaluated the spatial localization
by whole mount in situ hybridization (WMIH) of hydra Terb1, Terb2, and Majin.
To this end, we used hydra Sycp3 (HySycp3) as a meiotic expression marker
(Fraune et al., 2012). As expected, hydra Terbl, Terb2, and Majin expression
were localized at the basal layer of testes (Figure 4-8 B), in which meiotic cells

reside (Kuznetsov et al., 2001; Fraune et al., 2013).
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Figure 4-8 Expression pattern of Hydra vulgaris Terbl, Terb2, and Majin
revealed gonad specificity.

(A) Expression of Hydra vulgaris AEP Terbl, Terb2, Majin and Actin were detected in
hydra tissues by RT-PCR. Actin was used as a control and (B) Whole-mount in situ
hybridization to detect for HySycp3, HyTerbl, HyTerb2, HyMajin transcripts. Arrows
indicate the regions shown enlarged in the insets and high magnification of testis shows

expressing cells at the base.
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As the predicted translation of hydra Terb1, Terb2, and Majin, were obtained a
detailed comparison with the respective (GenBank ID: NP_851289; NP_083190,
and NP_001159391) mouse meiotic telomere proteins were performed. As
detailed in Figure 4-9 A, the N-terminus of mouse and hydra MAJIN share 29%
identity and 46% similarity (aa 1-108 of mice; aa 3-117 of hydra). The putative
hydra TERB1 similarly to the mouse protein displayed an ARM repeat domain
(aa 6-182 of hydra, aa 16-384 of mice) (23% identity; 41% similarity) and a
MYB domain (aa 665-710 of hydra; 715-760 aa of mice) (50% identity; 73%
similarity) (Figure 4-9 B). Also, we detected 23% identity and 35% similarity
between hydra TERB1 aa 382-454 and mouse region aa 557-623, known to be
essential for TERB2 binding (T2B) (Figure 4-9 B). Lastly, the comparison
between mouse TERB2 and hydra showed that the N-terminus (aa 8-107; aa
1-98 of mice hydra) is conserved with 27% identity and 52% similarity (Figure
4-9 C). However, the C-terminus of hydra TERB2 is notably longer than the
mouse and the other metazoan candidates analyzed in this study but not longer
than in other Cnidarias candidates.

Recent studies reported the human crystal structure of the subcomplex
consisting of the N-terminus of MAJIN (aa 1-112) and C-terminus of TERB2, (aa
168-220) (Dunce et al., 2018, Wang et al., 2019). The structure of MAJIN-
TERB2 displayed a 2:2 heterotetrameric in which two chains of TERB2
surrounded the surface of a core globular MAJIN dimer (Figure 4-10 a). The
MAJIN protomers adopt a B-grasp fold around a core amphipathic MAJIN a-
helix (Dunce et al., 2018). The B-grasp fold dimer interface contains highly
conserved MAJIN residues that have been shown to contribute to MAJIN
dimerization and to provide a large basic surface to interact with the DNA
(Dunce et al., 2018). To analyze the structural similarities of hydra MAJIN its
3D structure was modelled using the experimental structure of the human
complex (PDB ID: 6gny) (Dunce et al., 2018), using Swiss Model. The resulting
model of N-terminal hydra MAJIN showed an acceptable quality (QMEAN > -4)
(Figure 4-10 b). Remarkably, in the hydra MAJIN model, highly conserved
amphipathic residues on the a-helix and those that contribute to the
dimerization of MAJIN (residues P64, F73 and Y75 in human and P66, L78, and
Y81 in hydra) (4-10 c) were identified. In addition, it was detected in the hydra
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MAJIN model conservation of the basic surface on the B-grasp and linkers
(Figure 4-10 d) necessary for DNA interaction.

Overall, the obtained provide convincing evidence that hydra meiotic telomere
genes appear to be orthologs of mammalian genes due to the high similarity of
functional domains residues, suggesting that TERB1-TERB2-MAJIN has been

conserved throughout ~500 million years of metazoans history.
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Figure 4-9 Schematic comparison of mouse and hydra MAJIN (A), TERB1 (B)
and TERB2 (C) proteins through blastp.

The mouse sequence accession IDs are: MAJIN (GenBank ID:BAT24489), TERB1
(GenBank ID: (GenBank ID: NP_851289). We used predicted translation product for
hydra from our full-length cDNA experiments. Sequence identity and similarity (in
parenthesis) at the amino acid level are given (%). The gray boxes represent domains.
NTD, N-terminal domain; TM, trans-membrane domain; ARM repeats, armadillo
repeats; T2B, binding region of TERB2 in TERB1 protein.
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Figure 4-10 Hydra MAJIN N-terminal domain models retain the structural
elements needed for homodimerization and DNA binding.

Crystal structure representation of human MAJIN NTD and TERB2 CTD (PDB ID: 6gny)
2:2 heterotetrametric. Model of hydra MAJIN NTD using the template (PDB ID:
6gny.1.A) (punctate box in red). Results of quality assessment can be visualized onto
the model with color gradient, from blue to orange indicating high and low quality
respectively through QMEAN estimations using SWISS MODEL (b). Hydra MAJIN NTD
model showing residues necessary for dimerization (Y79 and Y81) and amphipathic
composition of the main alpha helix. The identical residues are denoted in red, similar
in orange and non-conserved in yellow (c). Composition of basic amino acid on the
surface of hydra NTD MAJIN model. The residues are shown according to identity (red),

similarity (orange), and non-conservative but amphipathic amino acid (yellow) (d).

4.3 Discussion

4.3.1 The mouse TERB1-TERB2-MAJIN complex dates back to a metazoan

common ancestor

Vigorous chromosome movements during prophase I are conserved in almost
all eukaryotes and crucial for faithful homologous chromosome pairing,

recombination and segregation into daughter cells. The stable attachment of
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telomeres achieves the move to the highly conserved LINC complexes that
couple the chromosomes ends from the INM to cytoplasmic cytoskeletal forces.
However, another pre-requisite for attachment of chromosome ends or
telomeres are the meiotic telomere adapter protein that is highly divergent
between yeast and mammals.

The core of this analysis strongly suggests that the origin of mouse TERB1,
TERB2, and MAJIN dates back to the common ancestor of metazoans. We have
found that TERB1, TERB2, and MAJIN are widely distributed but restricted to
metazoans. In addition, the results showed the specific expression of hydra
Terbl, Terb2, and Maijin in testis and selective synthesis in the basal cells of
hydra testis. The last agrees with the general organization of meiotic cells in
hydra testis (Kuznetsov et al., 2001). It appears that meiotic telomere genes
are not an innovation of mammals; instead, they arose only once in metazoan
evolution.

The few candidates as homologous sequences identified in Ecdysozoan belong
to Priapulida and Arthropoda. The phylogenetic trees showed long branches
indicating that meiotic telomere genes have highly diverged especially for
Arthropoda. It seems that meiotic telomere genes in Nematoda and Arthropoda
have diversified to the degree that standard homology algorithms cannot detect
the homology. Indeed, several lines of evidence showed that many gene
families in mammals were lost in C. elegans and D. melanogaster and this loss
can be traced back to pre-bilaterian times (Raible & Arendt, 2004; Kortschak et
al., 2003).

The mechanism that uses C. elegans to anchor chromosomes to the NE is
through a sub-telomeric region of the chromosome, consisting of short
repetitive sequences at one end of each chromosome called pairing centers
(PC) (Phillips et al., 2009). A set of four zinc fingers, (ZIM-1/2/3 and HIM-8)
associate with the PCs (Phillips et al., 2005; Phillips & Dernburg, 2006) and
recognize a (TTGGC) motif, which is closely related to the telomeric repeat in
C. elegans (Phillips et al., 2009). The leading role of this zinc finger family is to
couple chromosome ends to the LINC complex (SUN-1-ZYG-12) (Phillips &
Dernburg, 2006; Penkner et al., 2007). However, it is still unknown the direct

connectors to the LINC complex are still unknown (Link & Jantsch, 2019).
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Previous hybridization experiments of telomere probes to worm gonads has
indicated the absence of a telomere-mediated meiotic bouquet (Phillips &
Dernburg, 2006). Given the drastically change in the genome of C. elegans and
telomere binding proteins, seems more likely that the ancient meiotic telomere
adaptor protein in C. elegans was lost and replaced by a non-homologous

mechanism to couple the PC to the NE.

4.3.2 TERB1, TERB2, and MAJIN share functional domains across metazoans.

TERB1-TERB2-MAJIN complexes are known to establish protein-protein
interactions with two independent protein complexes to anchor telomeres to
the NE: telomeric shelterin and LINC complex (Shibuya et al., 2014; 2015; Long
et al., 2017; Zhang et al., 2017; Dunce et al., 2018; Wang et al., 2019). The
present data showed overall conservation of the general organization of mouse
TERB1, TERB2, and MAJIN among taxa analyzed.

The same N-terminus ARM repeat and C-terminus MYB domain of mouse TERB1
protein domain organization were detected in several lineages including
Chordata (Vertebrata), Arthropoda (Chelicerata), Mollusca (Gastropod and
Bivalves), Annelida, Brachiopod, Hydra wvulgaris (Hydrozoa, Cnidaria) and
Amphideom queenslandica (Porifera). However, in diverse taxa belonging to
Cnidaria (Anthozoa), Priapulida, Hemichordata, Cephalochprdata and some
Vertebrata, the MYB domain seems to be absent. The MYB domain or telobox
consensus specifically binds double-stranded telomeric DNA and associates with
meiosis-specific cohesion SA3 (Billaud et al., 1996; Shibuya et al., 2014; Daniel
et al., 2014). Therefore, a possible explanation is that the sequences that lack
the MYB domain could be genome assembly errors.

Furthermore, the TERB1, C-terminus (aa 590-649 of the mouse) interacts with
the N-terminus of TERB2 (Shibuya et al., 2015; Zhang et al., 2017). The
obtained results have shown that almost all TERB1 sequences, including the
ones that lack the MYB domain, possess stretches of conserved residues that
span the binding region necessary for TERB2. These results suggest that the
physical interaction between TERB1 and TERB2 protein was established in the

eumetazoan ancestor.
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Previous studies identified a sequence motif in TERB1 (LxLxP; aa 645-648 of
mouse/human) that establish the association with TRF1 with a similar strategy
adopted by TRF2 (Chen et al., 2008, Long et al., 2017). Despite mutations in
this motif abolishing or substantially impairing the binding of TRF1 leading to a
decreased fertility in male mice (Long et al., 2017), the present analysis found
this motif conserved only in the Vertebrata clade. The fact that outside
Vertebrata this motif is not conserved suggests a specific adaptation in this
lineage. Further studies are needed to reveal the association with shelterin
complex outside the clade of Vertebrata.

Unexpectedly, the analysis of TERB2 sequences revealed a motif [F/YxLxP]
proximal to the N-terminus sequences (aa 86-90 of the mouse) taxa that bear
highly similarity with the motif employed by shelterin proteins to bind TRHF’s
domain of TRF1 and TRF2 (Chen et al., 2008). These findings led to the
interpretation that TERB2 could intrinsically be recruited and/or interact with
shelterin TRFH surfaces. Also, a conserved stretch at the C-terminus of TERB2
alignment (aa 169-202 of the mouse) it was detected conserved which
corresponds to the interacting region with the N-terminus of MAJIN.

Also, the present analysis identified that the N-terminal domain of MAIJIN is
highly conserved among metazoans. As previously discussed, crystallographic
studies on the interacting region of human MAJIN (aa 1-112) and TERB2 (aa
168-220) have revealed a 2:2 composition form through aromatic interactions
in MAJIN dimerization interface (Dunce et al., 2018). The folding of MAJIN-
TERB2 provides extensive DNA binding surfaces (Dunce et al., 2018). In support
of these studies, the hydra N-terminus 3D model shows structural properties
for MAJIN dimerization and DNA binding of telomeres of the human counterpart
structure (Dunce et al., 2018). However, the present analysis detected
moderate conservation among taxa in the stretch harboring the TM domain of
mouse on its C-terminus (TM, aa 232-251), the TM domain in other species
remains to be identified.

Collectively, these findings suggest that the functional domains of meiotic
telomere complex proteins were established in the eumetazoan ancestor and
likely functioned together to anchor telomeres to the NE during meiotic

prophase I.
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4.3.3 General evolution of the meiotic telomere complex in sexually reproducing

multicellular organisms

Here, we have answered the question about the evolutionary origin of the
mouse meiotic telomere complex. However, the general evolution of the meiotic
telomere complex in sexually reproducing multicellular organisms remains
unknown. So far, the pathways that regulate telomere movements and bouquet
formation are most well-characterized in fission yeast and (partially) in budding
yeast but not in plants.

The overall amino acid sequence between yeast and mouse meiosis-specific
telomere complexes do not reveal any evolutionary relationship. This lead to
consider two possible evolutionary scenarios. First, telomere meiotic adaptors
proteins could have two distinct origins in Fungi and Metazoan (they are real
analogues), or second, they derived from an ancestral sequence but evolved
beyond recognition (they are very divergent homologues).

It is evident that yeast and mouse meiosis-specific telomere proteins specifically
interact with shelterin telomeres complex TRF-family proteins such as Taz1 and
TRF1, respectively. Regarding fission yeast, Tazl and Rapl are constitutive
telomere-associated proteins. Tazl, the ortholog of human TRF1 and TRF2
(Zhong et al., 1992; Bilaud et al., 1997; Broccoli et al., 1997) can directly bind
the duplex telomeric DNA (Cooper et al., 1998) as in mammals.

Also, even though Bqt4 is not meiosis-specific, it is similar to MAJIN in that it
has a single transmembrane segment and double-stranded DNA (dsDNA)-
binding activity with no sequence selectivity for DNA binding (Shibuya et al.,
2015; Dunce et al., 2018; Hu et al., 2019).

From this standpoint, it seems, that yeast and mouse meiotic telomere adaptors
derived from an ancestral sequence that evolved beyond recognition probably
because telomere adaptors are fast-evolving and very specific due to the
significant variability of telomeric sequences across eukaryotes. In this scenario,
the ancient inventory of the meiosis telomere adaptor protein pathway may
have recruited a set of proteins that co-evolve with the telomere somatic
complex and with nuclear envelope proteins to anchor telomeres to the NE

during meiosis. However, during the evolution of the different lineages, this set
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of proteins might have changed by strong diversification, losses and

replacement of individual components.
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Chapter 5 General Discussion

5.1 Summary of findings and implications

The overall objective of this thesis was to further our understanding of the
mouse meiotic telomere INM-tethering mechanism and how conserved are its
components in the course of evolution.

In the first part of the thesis, super-resolution SIM microscopy was used to
examine the spatial organization/relationships of mouse TERB1-TERB2-MAJIN
complex with TRF1 shelterin protein during meiotic prophase 1. By increasing
the resolution with SIM imaging the present study showed novel architectural
features of the meiotic telomere complex in relationship with TRF1 and
telomeric DNA compared to previous findings using conventional light
microscopy.

In agreement with their mutual dependency, the staining patterns of TERB1-
TERB2-MAJIN complex strongly suggested that they are interacting together
during meiotic prophase I (Shibuya et al., 2015). TERB2 showed a broader
distribution pattern at the distal end of LEs compared to the globular
arrangement of TERB1 and MAJIN in both zygotene and pachytene stages. In
support of the TERB2 staining pattern observed, an interaction model for
TERB1-TERB2-MAJIN based on structural data have shown that TERB2 flexible
linkers could stretch out owing to provide physical separation between the
interacting domains with TERB1 and MAJIN (Dunce et al., 2018).

Furthermore, the data obtained using SIM have demonstrated that during late
pachytene, a large fraction of the TRF1 is likely associated with telomeric DNA
instead of a complete dissociation in the process of cap exchange. This finding
supports an alternative model for meiotic telomere attachment to the NE (Figure
5-1) in which TRF1 displacement represents a reorganization event that merely

displaced to the surrounding unattached telomeric DNA.
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Pre-displacement Post-displacement
attachment complex attachment complex
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Figure 5-1 Model of meiotic attachment to the nuclear envelope.

a) Initially telomeres are recruited through TRF1, which interacts with TERB1 and thus
with the meiotic telomere complex. (b) TRF1 is subsequently displaced, leading the
meiotic telomere complex to bind directly to telomeric DNA, with TRF1 associating with
surrounding telomeric DNA. (Image modified from Dunce et al., 2018).

The second part of this thesis aimed to answer a major question of how
conserved the mouse meiotic telomere complex components in evolution are.
The present study demonstrated that the mouse meiotic telomere complex is
not an invention of mammalian lineages but instead originated as early as
eumetazoans (Figure 5-2). Despite the fact that two rounds of whole-genome
duplication occurred during the evolutionary history of Vertebrata TERBI,
TERB2, and MAJIN are present in a single copy as the other taxa outside the
clade of Vertebrata analyzed, indicating that paralogs resulting from these
events were not retained during evolution.

Furthermore, related sequences of TERB1, TERB2 and MAJIN were detected in
ancient on-bilateral clades such as Cnidaria, Placozoa, and Porifera. Therefore,
it seems likely that the ancestral meiotic telomere complexes have emerged
even earlier, in the ancestor of Metazoans. However, the absence of any
homologs in Nematoda and only a few candidates detected in Arthropoda for
TERB1 and TERB2 but not MAJIN, suggest that these complexes have been
either secondarily lost or diverged beyond recognition in lineages leading to C.

elegans and D. melanogaster.
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Figure 5-2 Conservation of meiosis-specific telomere adaptor in metazoans.
Simplified phylogenetic tree of Metazoans which include yeast as outgroup forming the
supergroup Opisthokonta in evolution. The ancient TERB1-TERB2-MAJIN (in red)
originated before the bilaterian ancestor come into existence approximately 500 Mya
ago, since homologs were found in Cnidaria and Porifera. During the evolution TERB1-
TERB2-MAJIN complex remain in the present day Bilaterians but seems to have and
been lost/replaced or highly diversified in lineages leading to Arthropoda and
Nematoda. Is denoted for S. cerevisiae and S. pombe in red the protein names of their

respective meiosis specific telomere complex.

Moreover, the detected highly conserved protein domains among taxa belongs
to the functional domains associated with mouse meiotic telomere complex
assembly. In support of this view, the expression pattern of putative orthologs
of mouse TERB1, TERB2, and MAIJIN in the basal metazoans Hydra vulgaris
were specifically observed in the testes where spermatocytes reside suggesting
a meiotic role for these genes that have been conserved throughout metazoan

evolution.

As previously discussed, the mammalian TERB1 localized at telomeres through

the interaction with the shelterin protein TRF1. Of note, the domain boundaries

for the interaction of TRF1 in TERB1 were shown not as highly conserved as

the other functional domains discussed above. Also, TRF1-TERB1 directly

interact in mammals through a sequence motif (aa 645-648 in human/mouse
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TERB1) that is comparable to the docking site adopted by TIN2 to bind TRFH
domain of TRF1 (Chen et al., 2008; Long et al., 2017). The presented results
failed to find similar sequence motif of TERB1 outside the clade of Vertebrata,

suggesting a new adaption in this lineages to interact with TRF1.

On the other hand, a F/YxLxP motif was conserved in all TERB2 N-terminus
sequences analyzed. So far, it is known that Vertebrata TRF1 or TRF2 TRFH s
domains are capable of recruiting and binding other telomere-associated
proteins through a highly similar motif (Chen et al., 2008) as the one detected
for TERB2. The presence of such a motif in TERB2 sequences points to a novel
mechanism into the meiotic telomere complex regulation. It is tempting to
speculate that TERB2 could be recruited to telomeres by the interaction with

the TRFH domain of the telomeric shelterin proteins.

Worth mentioning, the data obtained highlight the conservation of features
necessary to mediate interaction with telomeric DNA. Teloboxes are conserved
in plant, yeast and animals somatic telomeric proteins to bind double-strand
telomeric DNA specifically. The detection of MYB or telobox domain at the C-
terminus of TERB1 sequences strongly suggests that they play a role in directly
binding with telomeres. Other structure-function information obtained
modelling the N-terminal hydra MAJIN using human the counterparts structure
revealed high similarity of the folding necessary for dimerization and DNA
binding. It could be suggested that the DNA-binding properties of TERB1 and

MAJIN are retained between metazoans.

As a final point, it seems that before the emergence of metazoans the ancient
meiosis-specific telomere proteins of eukaryotes could have evolved adaptively
beyond recognition to exert telomeric function. It is well-known that somatic
telomeric proteins have exquisite specificity for telomeric repeat motif (de Lange
et al., 2005 Bianchi et al., 1997; Court et al., 2005, Hnaoka et al., 2005) and
possibly meiotic telomere proteins co-evolved with telomeric repeats and
telomere binding proteins. This last could explain why despite the similarity in
both yeast and mouse mechanism for telomere INM-tethering, their protein

components are strongly diversified.
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In conclusion, the results presented in this thesis provides new insight into the
molecular architecture of the mammalian meiotic telomere complex. The data
supports functional conservation over evolutionary time of TERB1-TERB2-
MAJIN complex, implicating that is the critical mediator of meiotic chromosome

attachment in metazoans.
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Chapter 6 Future work

This chapter reviews some of the provided results which are worth further
investigation.

In Chapter 3, the results obtained strongly suggest that TRF1 merely displaces
to the adjacent unattached telomeres that may represent a reorganization event
to allow the interaction of TERB1-TERB2-MAJIN complex with telomeric DNA.
However, the presented data with SIM leaves open the possibility that these
reorganization events involves the specific interaction of meiotic telomere
complex with telomeric structures (for example t-loops), subtelomeric regions
or chromatin state. Other methods such as expansion microscopy (ExM) (Chen
et al., 2015) that can increase the achievable resolution imaging on a standard
fluorescence microscope could be implemented to provide a more detailed
protein localization map of meiotic telomere complex and its relationship with
telomeric DNA. This last would give a better understanding of the ultrastructural
organization adopted by the ubiquitous sheltering and meiotic telomere
complexes to address the INM-telomere attachment during prophase 1.

As for Chapter 4, the findings presented in this thesis strongly suggest
functional conservation of mouse meiotic telomere complex across Metazoans.
As discussed previously, the direct interaction between mouse TERB1-TRF1 is
vital to initiate the mechanism of INM-telomere attachment during prophase I.
From the data obtained it seems that the TERB1 motif required to bind with
TRF1 directly is a new adaptation from the Vertebrata clade. An important
question for future studies is to determine the interaction mechanism between
telomere shelterin complex and meiotic telomere complex outside the clade of
Vertebrata. Furthermore, a novel conserved motif identified in TERB2 N-
terminus is comparable to the motif required in mammalian telomere-associated
proteins to bind TRF1. This finding point to a new mechanism in the regulation
of TERB2 probably to ensure its recruitment to telomeres by telomere shelterin
proteins as TERB1 upon prophase I. Further studies are needed to confirm the

functionality of this motif in the context of meiosis.
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Chapter 7 Materials

7.1 Organism used

7.1.1 Mice

Male wild-type mice C57BL/6 strain was used in this study. The mice were bred

in the animal facility of the Biocenter at the University of Wirzburg.

7.1.2 Hydra vulgaris strain AEP

Hydra vulgaris strain AEP (Hemmrich et al., 2007) were grown in hydra medium
(HM) according to the standard procedures at 18°C (Lenhoff & Brown, 1970).
The animals were fed three times per week with Artemia salinas, (Silver Star
Artemia dehydrated cysts, Inter Ryba GmbH). The Artemia cyst (two tee
spoons) were incubated overnight in 500 mL aerated bottles with saltwater
(concentration of 34 g NaCl/L) for two days. The sexual differentiation was
induced when required, by starving the animals for several days after one week

of intensive feeding.

Hydra medium (HM):

e Solution 1: 42 g/L CaCl2-:2H20 in ddH20; working concentration 1:1000 in
ddH20

e Solution 2: 8.112 g/L MgS04-7H20, 4.238 g/L NaHCO3, 1.0958 g/L K2CO3
in ddH20, working concentration 1:100 in ddH20

7.1.3 Bacteria
e StrataClone SoloPack Competent Cells

The bacteria strain StrataClone SoloPack Competent Cells is part of the
StrataClone Blunt PCR Cloning Kit (Agilent Technologies, Bdblingen) used for
the cloning of PCR products into the StrataClone PCR cloning vector pSC-B-
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amp/kan (7.2.1). Transformation of bacteria was performed according to

manufacturer’s instructions.
e Escherichia coli XL1-blue (Agilent Technologies, Boblingen)

The Escherichia coli XL1-blue bacteria strain was used to isolate its genomic

DNA for telomeric in situ hybridization experiments.

7.2 Antibodies

The primary and secondary antibodies used in this study are listed in Table 7-1
and Table 7-2, respectively. The antibodies were ordered from commercial

sources or produced for our lab by Bioscience (Géttingen).

Table 7-1 List of primary antibodies used in this thesis

Primary . S Application/Incu .
antibodies Antigen Host Dilution bation Suppliers
N-terminal aa
18-30 mouse
MAJIN HAGPNVYKFKIR 1:103rd LMmmunofluoresc
(Membrane- Guinea ; ence/ 1 hr. at SeqLab,
. . YGN GenBank : bleeding o
anchored junction ; pig room Gottingen
. accession serum
protein) . temperature
number:
BAT24489
C-terminal aa
TERB1 525-540 aa
(Telomere mouse 1:30 3rd Immunofluoresc
repeats-binding LDKEKTFDQKDS Guinea ;- = ence/ 1 hr. at SeqLab,

) bleeding o
bouquet VSQ GenBank pig serum room Gottingen
formation protein  accession temperature
1) number:

NP_851289

TERB1
(Telomere and against Immunofluoresc
repeats-binding 103-aa from the  Guinea ence/ 1 hr. at Daniel et
bouquet C-terminal of pig room al., 2014.
formation protein  mouse temperature
1)
TERB2 .
(Telomere ::/:I:n?lliq?crgteln Immunofluoresc
repeats-binding GenBank Rabbit  1:100 ence/ 1 hr. at Shibuya et
bouquet . room al., 2015
formation protein accession. temperature
2) LC068588

. Immunofluoresc
TRF1 (Telomeric ) . Alpha
repeat binding 2;‘;:21:2:' 19 Rabbit 1:100 fggﬁ]/ 1 hr. at Diagnostic;
factor 1) TRF12-A),

temperature
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Recombinant

I;:urI(l):cI::il:\gth Immunofluoresc
SYCP3 corresponding Mouse 1:100 ?gg;/ Lhr. at gl;g:;rzn, ab
to Hamster temperature
SCP3 aa 1to
the C-terminus.
C-terminal aa Immunofluoresc
SYCP2 1095-1585 from  ouinea ence /1 hr. at é?q'?b;
rat pig room ottingen
temperature
a-anti- In situ Roche
digoxigenin Fab Digoxigenin Mouse 1:50 hybridization / Mannr;eim
fragment overnight at 4°C
a-anti- Dot blot /1 hr. Roche
digoxigeni Digoxigenin Mouse 1:1000  at room "
igoxigenin-POD temperature Mannheim
a-anti- In situ Roche
digoxigenin-AP Digoxigenin Sheep  1:600 gzg:ﬁgﬁtt'g:‘{oc Mannheim
Table 7-2 Secondary antibodies used in this study
Secondary Antibodies Host Dilution  Application/Incubation Suppller
a guinea pig IgG (H+L) Thermo
Alexa  Fluor 647 Goat 1:200 L”?:":t”fgg‘nﬁrf:‘;e”ecri/ture3° scientific
conjugated P A-21450
a rabbit IgG (H+L) Alexa Goat 1:200 Immunofluorescence/ 30 Thermo
Fluor 488 conjugated ) min at room temperature scientific
Thermo
a mouse IgG (H+L) . Immunofluorescence/ 30 scientific
Alexa Fluor 488 Goat 1:200 .
. min at room temperature A-
conjugated 11017
a guinea pig IgG (H+L)
Mexa  Fluor 568 Goat 1:00  mmunofluorescence/ 30  Thermo
. min at room temperature scientific
conjugated

7.3 Molecular materials

7.3.1 Plasmid

e Strata pSC-B-amp/kan (Agilent Technologies, Bdblingen)

The Strata pSC-B-amp/Kan vector is part of the StrataClone Blunt PCR Cloning

Kit (Agilent technologies). This vector was used for capable cloning of a non-

phosphorylated blunt end PCR product. The selection of the positive clones is

possible because of its inherent resistance for ampicillin and kanamycin as well

as a lacZ' complementation for blue-white selection cassettes. For colony PCR
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standard primers (M13 forward, M13 revers, T7, T3) (Table 7-3) can be used

as well as for sequencing.

7.3.2 Oligonucleotides

The oligonucleotides used in this study were synthesis from Simga-Aldrich

(Steinheim) or Biomers (Ulm).

Table 7-3 Oligonucleotide used in this study

Fragment  Annealing
Application Primer Sequence length Temperature
Cloning full-length cDNA
Hydra vulgaris HyTerbl_FL_Fwd
AEP Terb11 5" TCAATCATATCCAAACCAACAA 3’
Hy_Terbl FL Rev 2400bp  61°C
5" AGTTGGAATGGCGATTCTTC 3’
Hydra vulgaris HyTerb2_FL_Fwd
AEP Terb2 5" ATGATGCAGCCAGAAAACCA 3’ o
Hy_Terb2_FL_Rev 2000bp  60°C
5" TCAAACATTCAATTCACGCA 3’
Hydra vulgaris Hy_MAJIN_FL_Fwd
AEP Majin 5" CATGACGTGTAGTTTGTCTGATT 3’ o
Hy_MAJIN_FL_Rev 739 bp 63 °C
5" TCAGTGGTGCTATCAACTTTTTIC 3’
RT-PCR
HyTerbl_RT_Fwd
Hydra vulgaris 5 TTTTCTACGCCTGAGCACAAT 3’ 497 bp 639C
AEP Terb1l HyTerbl_RT_Rev
5" GAGGTTCCAGTCGAAGCAAG 3’
HyTerb2_RT_Fwd
Hydra vulgaris 5" TGACTTCGAAAAATGGCAGA 3’
AEP Terb2 HyTerb2 RT Rev 447 bp 64°C
5" CCATCAAGAAAGTTCTCGCC 3’
HyMajin_RT_Fwd
Hydra vulgaris 5" CATGACGTGTAGTTTGTCTGATT 3’ 369 bp 60 °C
AEP Majin HyMajin_RT_Rev
5" TCAGTGGTGCTATCAACTTTTTTIC 3’
HyActin_Fwd
Hydra vulgaris 5" AGGAGTCATGGTTGGTATGGGA 3’
AEP Actin HyActin_Rev 448 bp 63 °C
5" AATCTCGTCCTGCTAAATCCA 3’
Whole Mount In Situ Hybridization
HyTerbl_WMIH_Fwd
Hydra vulgaris 5 TTTTCTACGCCTGAGCACAAT 3’ 649 bp 67 °C
AEP TERB1 HyTerbl_WMIH_Rev
5" TTCCACGTAAATCTGTTGCTTG 3’
HyTerb2_WMIH_Fwd
Hydra vulgaris 5" TGACTTCGAAAAATGGCAGA 3 447 bp 64°C

AEP TERB2

HyTerb2_WMIH_Rev
5" CCATCAAGAAAGTTCTCGCC 3’
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HyMajin_WMIH_Fwd
Hydra vulgaris 5 CATGACGTGTAGTTTGTCTGATT 3
AEP MAJIN HyMajin_WMIH_Rev
5’ AAMAGATCCGGTCGGTCAGACA 3

739 bp 63 °C

HySycp3_Fwd

. 5" GTCCGCAATTAGTGCAGCAATGAACGA 3’
Hydra vulgaris

HySycp3_Rev 714 bp 64°C
AEP SYCP3 5'GACTTAAACACTGTGTAGCAAGCTTTGAAG
CGA 3’
Telomere probe synthesis
Telo 1 5"'TAACCCTAACCCTAACCCTAACCCTAACCCT 77 oC
AACCCTAACCC 3’
Telo 2 5'GGGTTAGGGTTAGGGTTAGGGTTAGGGGT 77 oC
TAGGGTTAGGGTTA 3’
Colony PCR/ sequencing in Strata pSB-amp/kan
M13 Fwd 5'TGTAAAACGACGGCCAGT3’ 54°C
M13 Rev 5'CAGGAAACAGCTATGACC3’ 54°C
T3 Fwd. 5’ATTAACCCTCACTAAAGGGA3'’ 54°C
T7 Fwd. 5TAATACGACTCACTATAGGG3’ 54°C

7.3.3 DNA ladder

e GeneRuler DNA Ladder Mix (Thermo Scientific, Schwerte)
e GeneRuler 1kb DNA Ladder (Fermentas, St. Leon-Roth)

7.3.4 Kits

¢ NucleoSpin Gel and PCR Clean-up (Macherey-Nagel, Diren)

¢ NucleoSpin Plasmid (Macherey-Nagel, Diren)

e StrataClone Blunt PCR Cloning Kit (Agilent Technologies, Boblingen)
e peqGOLD TriFast (PegLab, Erlangen)

e RNeasy mini Kit (Quiagen, Hilden)

7.3.5 Enzymes

e Terminal transferase (Tdt) (Thermo Scientific Waltham, MA)

e Phusion High-Fidelity DNA-Polymerase (Thermo Scientific, Schwerte)

e Reverse Transcriptase M-MLV (Promega, Mannheim)

e Taqg DNA-Polymerase (Manufactured in the laboratory by the Technician
Silke Braune.)

e EcoRV (Thermo Scientific, Schwerte)

e Smal (Thermo Scientific, Schwerte)

e Proteinase K (Serva Heidelberg)
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7.3.6 Chemicals

The Chemicals used in this study were purchased from AppliChem (Darmstadt),
Merck (Darmstadt), Roth (Karlsruhe), Serva (Heidelberg) and Sigma-Aldrich
(Steinheim).

7.4 Computer software and Online Tools
Special equipment and software used in this study are listed in Table 7-4.

Table 7-4 Special equipment used in this study

Equipment Suppliers
Olympus (Hamburg) and Leica
Binocular SZ 61, equipped with Camera EC3  (Wetzlar)

Centrifuge MIKRO 200/ MIKRO 200R

Hettich (Tuttlingen)

Centrifuge 6-16K

Sigma (Osterode)

Confocal laser scanning microscope TCS-SP2

AOBS

Leica (Wetzlar)

Electrophoresis Power Supply

Peglab (Erlangen)

Elyra S1 microscope

Carl Zeiss Microscopy GmbH (Jena)

Gradient Thermocycler T100

Bio-Rad (Munich)

Heating block

Liebisch (through
Wiirzburg)

Hartenstein,

Hybridization Oven MINI 10

MWG Biotech (Ebersberg)

Hybridization Oven/ Incubator

Memmert (Schwabach)

Infinite M200

Tecan (Mannedorf)

Thermocycler Primus 25 advanced

Peglab (Erlangen)

UV Stratalinker 1800

Stratagene (Heidelberg)

Fine spring scissors

FST GmbH (Heidelberg)

Software and online tools

Application

Leica Confocal Software TCS SP2

Image acquisition

CLC DNA Workbench v.7

DNA and protein sequence analysis

Fiji Image analysis

ZEN 2012 Image acquisition
PSI-BLAST at NCBI
(https://www.ncbi.nlm.nih.gov/) Identification of homologues
tBLASTn at NCBI
(https://www.ncbi.nlm.nih.gov/) Identification of homologues
with PROMALS3D web server

(http://prodata.swmed.edu/promals3d/)

Multiple protein sequence alignment

Seaview v. 4.4.0

Multiple protein sequence alignment

ESPript3
(http://espript.ibcp.fr/ESPript/ESPript/)

Multiple protein sequence alignment
annotator
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the Eukaryotic Linear Motif (ELM)

(http://elm.eu.org/index.html) Identification of protein motifs
Superfamily web server Identification of protein domains
(http://supfam.org/) families

MAFFT v.7.309 Multiple sequence alignment

BMGE v.1.12 Multiple alignments trimmer

MrBayes v.3.2.6 Trees construction

iToL v4 Trees draw or edition

BLAST at Compagen Transcriptome analysis of Hydra
http://www.compagen.org/ vulgaris AEP

T-Coffee (www.t-coffee.org)

Protein alignment assessment
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Chapter 8 Methods

8.1 Microbiological methods

8.1.1 Culturing bacteria

8.1.1.1 Culturing of bacteria in liquid culture

e LB-medium (1L):10 g tryptone; 10 g NaCl; 5 g yeast extract; pH 7.4,
autoclave

e Antibiotics stock solution: ampicillin (50 mg/mL in ddH20) and kanamycin
50 mg/mL in ddH20 )

The recombinant bacteria were cultured in 10 mL liquid sterile LB-medium using
Greiner tubes (50 ml), and antibiotics were added to the appropriate working
concentration (ampicillin 100 pg/mL and/or kanamycin 50 pg/mL). The

bacterias were cultured overnight at 37 °C with continuous agitation.

8.1.1.2 Bacterial Glycerol stock

The liquid bacterial culture of interest was stored as a glycerol stock culture to
ensure the viability of the culture over in an extended period. The glycerol
infuses into the bacterial cells, making them structurally stable and allowing
them to be stored safely. 850 yL of a liquid culture and 150uL glycerol were
mixed gently in a 2 mL Eppendorf tube. After mixing, the samples were frozen
at —80 °C..

8.1.1.3 Culturing of bacteria on agar plates

For cultivation of bacteria on agar plates, 1.5% agar (w/v) was suspended in
autoclaved LB medium. After the medium was cooled down approximately to
50 °C, the suitable antibiotic was added at the appropriate working
concentration (ampicillin: 100 pg/mL and/or kanamycin 50 pg/mL). The solution
of 1.5% agar in LB was poured into sterile Petri dishes under in a safety cabinet

and left to dry for several hours. About 70-200 pL of a liquid bacteria culture
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could be plated with a glass Pasteur pipette and incubated at 37°C overnight
with the plate turned upside down to prevent condensed water from dripping
onto the nutrient medium, the selection plates are stored upside down at 4 ° C

for 3 to 4 weeks.

8.1.2 Transformation of competent bacteria

e StrataClone Blunt PCR Cloning Kit (7.2.1)
e 2 % X-gal: 0.02 g/mL X-Gal in 10 mL of dimethylformamide (DMF)
e LB medium (8.1.1.1)

The transformation of StrataClone SoloPack competent cells was carried out
following the manufacturer instructions of StrataClone Blunt PCR Cloning Kit
(Agilent Technologies, Boblingen). First, a tube of competent bacteria was
thawed on ice and gently mixed with complete ligation mix. An additional
ligation mixture could be done with 2 pL of a Control Insert ligation to check
the ligation efficiency. Afterwards, the competent cells were heat-shocked for
1 min at 45 °C. Immediately after the heat shock, the bacteria were incubated
on ice for 20 min, following which 900 pL of pre-warmed (37°C) LB medium
was added. Then the bacteria were incubated at 37°C for at least 1.5 h under
continuous agitation. Finally, 70- 200 pL of the liquid culture was streaked onto
an agar plate, which contains ampicillin (working concentration 100 pg/mL),
and 2% X-Gal in DMF for the blue-white screening of the competent bacteria.

8.2 Molecular methods

8.2.1 RNA isolation

e peqGOLD TriFast kit (PegLab, Erlangen)
e Gel Loading Buffer II (Ambion).

Total RNA of hydra was isolated using peqGOLD TriFast kit (PegLab, Erlangen)
following the manufacture’s protocol. Approximately 50-80 hydras were taken
for one preparation. The RNA quality was evaluated by non-denaturing agarose

gel electrophoresis using the Gel Loading Buffer II (Ambion).
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8.2.2 cDNA synthesis by reverse transcription

e RiboLockTM ribonuclease inhibitor (Fermentas, St. Leon Roth)

e Reverse Transcriptase M-MLV and M-MLV RT 5x buffer (Promega,
Mannheim)

e dNTPs (Fermentas, St. Leon Roth)

e Oligo(dT)18 primer (Fermentas, St. Leon Roth)

The synthesize of complementary DNA (cDNA) from isolated mRNA is through
RNA-dependent DNA polymerase. This enzyme operates on a single strand of
mMRNA, to generate its complementary DNA based on the pairing of RNA base
pairs to their DNA complements. Eukaryotic cells transcribe DNA (genes) into
RNA and process them by removing introns and adding a poly-A and 5’ Methyl-
Guanine cap. The poly-A tail of the mature mRNA is used to hybridize with a
poly-T oligonucleotide primer in a reaction with the reverse transcriptase and
deoxynucleotide triphosphates (A, T, G, C). Therefore, the resulting DNA from
the original mRNA is suitable for cloning of specific genes into vectors because
cDNA contains a reading frame without introns that codes for the functional

protein.

The reverse transcription for 20 pL preparation was carried out as follows:

1 yg RNA in a sterile RNase-free microcentrifuge tube
1.25 pL Oligo(dT)18 (500 pg/mL) primer

e 1 pL RNase inhibitor (40 U/uL)

e 5 L 5x RT-buffer

e 1.25 pL dNTPs (10 mM/nucleotide)

e 1 pL reverse transcriptase (200 U/uL)

e RNase free water to a final volume of 20 pL

The tubes were gently mixed and incubated for 1 hr at 37°C. Subsequently the
tubes were incubated at 95°C for 5 minutes to inactivate the enzymatic

reaction. The resulting cDNA was stored at -20°C.
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8.2.3 Polymerase chain reaction (PCR)

PCR is an enzyme-based in vitro method for amplifying a specific region of a

DNA or cDNA strand. The procedure consists of three key reaction steps:

1. Denaturation of the double-stranded DNA template by breaking the
hydrogen bonds between complementary bases, to yield two single-
stranded DNA molecules. This step is the first regular cycling event and
consists of heating the reaction to 95-98 °C for 20-30 seconds.

2. Annealing is the step in which a precise temperature is required for
specific primers or oligonucleotides (forward and reverse) to anneal to
the respective single-stranded DNA templates. Therefore, it is critical to
determine the proper temperature to allow specificity and avoid false
positives. The ideal temperature is not so low that the primer may bind
non-specifically, but not so high that the primer does not bind at all. The
typical annealing temperature is 50 °C-70 °C or about 3-5 °C below the
melting temperature (Tm) of the primers used.

3. Elongation is the step in which a new DNA strand is synthesized in the
5'-3 'direction by thermostable DNA polymerase at 72 °C. The synthesis
proceeds from the 3'-end primers and require the addition of
deoxyribonucleoside triphosphates (dNTPs). The elongation time
depends on the processivity of the enzyme and the length of the DNA

fragment to be amplified.

8.2.4 Amplification of cDNA with Phusion DNA polymerase

e PhusionTM DNA polymerase and 5x Phusion HF buffer (Thermo Scientific,
Schwerte)
e dNTPs (Fermentas, St. Leon Roth)

e specific primer pairs (Sigma-Aldrich, Steinheim)

PCR reactions were performed using PhusionTM High-Fidelity DNA Polymerase
(Thermo Scientific, Schwerte) for cloning experiments. PhusionTM High-Fidelity

DNA Polymerase offers high accurate performance due to its 5°-3 'DNA
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polymerase activity and 3°-5" exonuclease activity, generating blunt-ended

products ideal for cloning.

Protocol for 50 pL preparation:

5-10 ng template DNA or 0.5-1 uL cDNA

e 1 pL 5 primer (10 pmol/uL)

e 1 pL 3’ primer (10 pmol/uL)

e 1 pL dNTPs (10 mM/nuclectide)

e 1.5puL DMSO

e 10 pL 5x HF reaction buffer

e 0.3 pL PhusionTM DNA polymerase (2 U/uL)
e ddH20 to 50 pL

Table 8-1 Cycling protocol

Steps Temperature | Time

Initial

Denaturation 98 °C 2 min

Denaturation 98 °C 20 sec 35
Annealing X°C 30 sec cycles
Elongation 72°C 1Kb/15 sec

Final Elongation | 72°C 10 min

Cooling down 4°C

8.2.5 Semi-quantitative RT-PCR analysis

Semi-quantitative RT-PCR was performed to evaluate expression levels of genes
from four different Hydra vulgaris AEP body regions: head, body column, testes
and foot. The RNA isolation, integrity and cDNA synthesis were performed as
section 8.2.1 and 8.2.2. All the samples were prepared identically and added to
the PCR with primers against the gene of interest (Table 8-2). We amplify hydra

actin as housekeeping gene (30 PCR cycles) to control for RNA amounts.
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Table 8-2 Cycling protocol

8.2.6 Colony PCR with Taqg polymerase

Colony PCR is a method for fast screening of colonies of bacteria that have
grown up on selective media following a transformation step, to verify that the
chosen genetic construct is present. The Tag DNA polymerase (self-
manufactured by Silke Braun) from the thermophilic bacterium 7hermus
aquaticus was used to amplify colonies by PCR. This polymerase has no proof-
reading function and can incorporate 1000 bp per min. We picked ten single
bacterial colonies from the agar LB plate (8.1.2.1) and resuspended in the PCR
mix. Subsequently, on a back-up plate containing ampicillin, the tested colonies

were cultured in a numbered order and incubated upside down overnight at 37

°C.

The reaction includes:

e Taq DNA polymerase and 10x Taq buffer
e dNTPs (Fermentas, St. Leon Roth)

e specific primer pairs (Table 4)
Protocol for 25 pL preparation:

e 100 ng template DNA or one bacteria colony
e 0.25pL 5" primer (10 pmoL/pL)
e 0.25 pL 3’ primer (10 pmol/pL)
e 0.5 pL dNTPs (10 mM/nucleotide)
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Initial

Denaturation | 95 °C 5 min

Denaturation | 95 °C 30 sec 30
Annealing X°C 30 sec cycles
Elongation 72°C 1Kb/1 min

Final

Elongation 72°C 7 min

Cooling down 4°C
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e 1.5 pL MgCI2 (25 mM)

e 2.5 L 10x Taq buffer

e 0.5 pL Taq DNA polymerase (5 U/uL)
e ddH20 to 25 pL

8.2.7 Aqgarose gel electrophoresis

e 1x TAE Electrophoresis Running Buffer: 40 mM Tris-Acetate; 1 mM EDTA,
adjusted to pH 8.

e PeqGOLD Universal Agarose (PeglLab, Erlangen)

e 6Xx DNA Loading Dye (Thermo Scientific)

e Gene Ruler DNA Ladder Mix (0.5 pg/uL; 50 ng) (Thermo Scientific)

ethidium bromide

The conventional technique of agarose gel electrophoresis is used to separate
DNA fragments based on their size. The polymer agarose can form a three-
dimensional matrix gel with pores through which DNA molecules can travel. The
pore size of agarose can increase or decrease depending on its concentration
in a buffer, making it suitable to separate DNA of different sizes. For instance,
a 0.8 % agarose gel is used to separate large fragments between 300-1500 bp,
while 1.2 % agarose is used to separate shorter DNA molecules. The agarose
gel was prepared in 1x TAE buffer with 1.2 % (w/v) agarose. After heating and
dissolving the agarose in 1XTAE buffer was poured into a gel chamber. At the
top of the chamber, there is an attached comb to form pocket-like indentations
in the gel called wells, into which samples can be loaded after the get solidifies.
The agarose gel was polymerized for 30 minutes, and the electrophoresis
chamber was filled with 1x TAE buffer. In the first well of each gel, 6 pL of the
DNA Ladder was loaded and then in the rest of the wells. The samples were
loaded containing 1x DNA loading buffer. The DNA ladder was used for
determination of size and amount of the applied DNA fragment. 90-120 V was
applied to the electrophoresis chamber for 30-45 minutes, causing the
negatively charged DNA molecules to migrate in the electric field to the positive
pole. For the visualization of the DNA, we placed the gel for 10-20 min in an
ethidium bromide bath (50 pL EtBr in 150 mL ddH20) under the hood. The dye
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ethidium bromide (EtBr) intercalates into nucleic acids, changing its absorption

spectrum, and the nucleic acids can be visualized through UV light.

8.2.8 DNA cloning

e StrataClone Blunt PCR Cloning Kit (Agilent Technologies, Boblingen)

The cloning was performed with the pSC-B-amp/kan vector (7.2.1) provided
with the StrataClone Blunt PCR Cloning Kit. The StrataClone blunt PCR cloning
vector mix contains two blunt-ended DNA arms, each charged with
topoisomerase I on one end and carrying a loxP recognition sequence on the
other end. This method enables the blunt-ended cDNA PCR products which
were generated by PhusionTM DNA polymerase (8.2.4) to be ligated to these
vector arms in a 5-minute ligation reaction by topoisomerase I-mediated strand
ligation. The ligation was conducted following the instructions of the
manufacturer, with the exception that only half of the recommended reaction
mix was used per cloning attempt. The transformation of competent bacterial
is described in 8.1.3.

8.2.9 Purification of plasmid DNA

¢ Nucleospin Plasmid Kit (Macherey-Nagel, Diren)

Plasmid DNA purification was performed using Nucleospin Plasmid Kit according
to the manufacturer’s instructions. We started the purification using 10 mL
overnight culture from the respective bacterial transformant of interest. The
isolated DNA was eluted in 50 pL ddH20 and the concentration of DNA was

measured using Tecan infiniteM200 (Mannedorf, Switzerland).

8.2.10 Preparative DNA gel electrophoresis and gel extraction

e NucleoSpin Gel and PCR Cleanup Kit (Macherey-Nagel, Diren)

When the amplified specific DNA fragment of interest was needed for cloning
or sequencing it was excised with a scalpel on a UV table and therefore isolated
from the gel. Afterwards, the purification of the DNA fragment from the gel
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piece was done with the NucleoSpin Gel and PCR Cleanup Kit over a silica
membrane according to the manufacturer. The concentration and purity of the
isolated DNA was measured with the Tecan infiniteM200 (Mannedorf,

Switzerland).

8.2.11 Generation of a labeled, single-stranded antisense RNA probe

We designed RNA probes for spatial expression analysis (Table 7-3). Gel-
purified PCR products of interest were used for probe preparation and
individually cloned into the vector pSC-B-amp/kan (7.2.1). The vector pSC-B-
amp/kan contains RNA polymerase promoter sites (T3 and T7 sites) from which
the enzyme T7 or T3 RNA polymerase can start to synthesize single-stranded
antisense RNA probes. To obtain an antisense RNA probe, the cDNA needed to
be in 5-3' orientation having the T7 or T3 promotor of the vector at its 3’ end.
The first step in the synthesis of the probes was linearizing of the vector and
then incubation with RNA polymerase and nucleotides labelled with Digoxigenin

for subsequent detection.
The protocol to linearize pSC-B-amp/kan was as follows:

e 1.2 pg vector with the transcript cDNA in pSC-B-amp/kan

e 1 pL EcoRV (10 U/pL, 2000 U) or 1.5 pL Smal (10 U/uL, 2000 U) (Thermo
Scientific)

e 2 pL Buffer R or Tango (Thermo Scientific)

e ddH20 to final volume of 20 pL

The mixture was incubated for 1.5 hrs. at 37 °C. Then the enzyme was
inactivated for 30 min at 80°C. Afterwards the linearized vector was purified
according to (8.2.9).

The protocol of the in vitro transcription for 20 pL:

e 1 g linearized vector DNA

e 2 L DIG-RNA labelling Mix, 10 x conc. (Roche)

e 4 pL Transcription buffer 5x (Thermo Scientific)

e 1 pL Ribolock RNase inhibitor (40 U/uL) (Thermo Scientific)
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e 2puLT7 (20 U/pL) or T3 (20 U/uL) RNA polymerase (Thermo Scientific)

e RNase free water to 20 pL

The mixture was incubated at 37 °C for 2 h. Then 2uL (2U) DNase I was added
for 30 min at 37°C to digest the DNA. At the end, the RNA probes were purified
using the RNeasy mini Kit (Qiagen) and quality control was done by non-
denaturing agarose gel electrophoresis using the Gel Loading Buffer II
(Ambion). The RNA probes were diluted 1:2 with hybridization buffer (See
8.3.1) and stored at -20 °C

8.2.12 DNA seguencing

To validate the sequence of the purified DNA molecules we sent them to GATC

Biotech (Konstanz) who performed Sanger sequencing.

8.2.13 Isolation of bacterial genomic DNA

e TE buffer: 10 mM Tris-Cl (pH 8.0); 1mM EDTA (pH 8.0)

e Lysis buffer (10 mL): 9.34 mL TE buffer; 600 pL of 10% SDS; 60pl of 20
mg/mL proteinase K in 10 mM CaCl2; 5M sodium acetate in ddH20 (adjust
pH with diluted acetic acid to 5.2)

e Phenol/Chloroform (1:1)

The genomic DNA from E. coli XL1-blue (7.2.1) was used as a competitor DNA
for use in the telomeric hybridization protocols (See 8.3.1) as a blocking agent
to reduce the non-specific binding of the hybridization probe. The DNA is
typically used at a concentration of 250 pug/mL in the hybridization solutions.
First E. coli XL1-blue was cultured in LB-medium (50 mL) (8.1.1.1). Then
cultured bacteria were centrifuged at 3000 g for 10 min at 4 °C. The pellet was
resuspended in 4 mL lysis buffer and incubated for 1 hr, at 37 °C. Afterwards,
an equal volume of phenol/chloroform (1:1) was added until the phases were
thoroughly mixed. The mixture was centrifuged at max speed for 5 min at room
temperature. The upper aqueous phase (contain the DNA) was carefully
transferred to a new tube using 1 mL pipette to avoid disturbing the interface
and centrifuged for 10 min at 10000 g at 4°C. The aqueous phase was

resuspended in 500 pL of 5M sodium acetate and mixed gently. To precipitate
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the DNA, 2.5 or 3 volumes of cold 100 % ethanol (stored in -20 °C freezer)
were added and gently mixed. The tubes were incubated for 30 min or overnight
at -20 °C. After this step, the tubes were centrifuged at maximum speed for 5
min, and the DNA pellet was washed with 1 ml of 70% EtOH. After the washing
step, the tubes were centrifuged at maximum speed for 2 min, and DNA pellet
was air-dried. Finally, we resuspend the DNA in ddH20 and measure the

concentration in Tecan infiniteM200.

8.2.14 Generation of Telomere probes

e Dig-ddUTP (Roche, Mannheim)

e terminal transferase (Tdt) (Thermo Scientific, Waltham, MA).

e Telol (TAACCC)7 and Telo2 (GGGTTA)7 (Sigma-Aldrich, Steinheim)

e Telomere-specific probes for Telo-FISH were generated by 3 "-end-labeling
of the two 42mer synthetic telomere oligonucleotides (each of the two

oligonucleotides in a separate reaction).

The protocol for 20 uL was as follows:

100 pmol oligonucleotide (Telol or Telo2)
e 4 pL 5x TdT buffer

e 1 pL Dig-ddUTP (1 mM stock)

e 2 yuL TdT enzyme

e Fill with ddH20 to 20 pL

The mixture was prepared on ice and then incubated at 37°C for 20 min to 1

hr. The labelled probes were store at -20 °C until use.

8.2.15 Dot-Blot

e membrane PVDF-Plus, 0.45 Micron, Catalog No PV4HY000GL

¢ anti-Digoxigenin-POD (Peroxidase) (Roche, Mannheim)

e 1xTBS: 150 mM NaCl, 10 mM Tris-HCl, pH 7.4

e TBS/BR: 0.5% Roche Blocking reagent (Roche, Mannheim), pH 7.4

e Western Lightning® Plus-ECL Enhanced Chemiluminescence Substrate
(PerkinElmer,Waltham)
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A dot-blot was performed to test the efficiency of the labelling with Dig-ddUTP
for the synthesis of Telomere probes. First dilutions of labelled Telomere probes
we prepare (5ng, 500pg, 50pg, 5pg, 500fg and 50fg) in water and 2 pL of each
dilution was loaded on a membrane PVDF-Plus. The membrane was auto-cross-
linked (12000 pJ x 100; UV-Stratalinker 1800) and then incubated for 30 min
at 80 °C. Afterwards, the membrane was washed in 1x TBS for 5 min and
blocked in 0.5% blocking reagent in TBS for 30 min. Following the blocking, the
membrane was washed in TBS three times for 5 min, followed by incubation
with anti-Digoxigenin-POD (Peroxidase) 1:1000 in 0.5 % blocking reagent in
TBS for 1 h. Then the membrane was washed three times for 5 min, followed
by detection on X-ray film. In a dark room, 1 mL of each Western Lightning
Plus-ECL solution was mixed in a 2 mL tube, and the membrane was incubated
for 1 min in the Lightning solution. Then the membrane was placed between
plastics sheets in a box, and the X-ray film was set on top. After incubating for
3 min, the X-ray film was placed in the developer solution for 2 min. Finally, the
X-ray film was washed in ddH20 and incubated in the fixation solution for 5

min.

8.3 Histochemistry

8.3.1 Whole mount in situ hybridization

Whole mount in situ hybridization (WMIH) is a technique that allows the
detection and localization of specific RNA sequences in an entire tissue by the
hybridization of a complementary nucleotide probe. The nucleotide probe in this
study was synthesized based on the target mRNA of Hydra vulgaris AEP to
examine the expression of meiotic genes in the hydra body (See 8.2.11). The
synthesized probe contained digoxigenin (DIG) which can be detected by an
antibody conjugated to alkaline phosphatase. The enzymatic activity of alkaline
phosphatase results in the local generation of a coloured blue precipitate upon
the addition of a chromogenic substrate. As a consequence, the localization of
target mRNA can be visualized in the tissue by a coloured signal using light
microscopy. This method of in situ hybridization was modified from Grens et
al., (1996).
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e Hydra medium (HM) (7.2.1)

e 2% (w/v) urethane in HM

e 4% formaldehyde in HM, pH 7.4

e PBS (140 mM NaCl; 2.6 mM KCl; 6.4 mM Na2HPO4; 1.4 mM KH2PO4; pH
7.4).

e 4% formaldehyde in PBS, pH 7.4

e PBST (0.1% (v/v) Tween 20 in 1x PBS)

e PBSTX (1 % (v/v) Triton X-100 in 1x PBS)

e Proteinase K (0.05 mg/mL) in PBST

e 2mg/mL glycine in PBST

e 20x SSC (3M NaCl; 300 mM trisodium citrate, pH 7.8)

e 2xSSC,pH 7.4

e 1M of triethanolamine

e Acetic anhydride (0.25% and 0.5 %)

e Hybridization buffer (50% Formamide; 25% 20x SSC; 0.1% Tween 20; 0.15
mg/mL Heparin; 5 mg/mL Torula RNA)

¢ digoxigenin-labeled probes (7.2.8)

e Maleic acid buffer (100 mM Maleic acid; 150 mM NaCl adjust to pH 7.5

e 1% Blocking reagent (Roche, Mannheim) in MAB

e Anti-DIG-AP-Fab fragment (150 U, 200uL) (Roche, Mannheim) (Table 7-1)

e NTM buffer: (100 mM NaCl, 100 mM Tris pH 9,5)

e 2% NBT/BCIP (Roche, Mannheim)

e 90% Glycerol/1XPBS

e Micro pestle (Hartenstein)

The protocol of the in-situ hybridization takes at least four days and consists of
the following steps:

1. Fixation of the animals (day 1)

2. Permeabilization of the tissue and hybridization of the probe (day 2)
3. Probe detection (day 3)

4. Visualization (day 4)

About 50 hydras were starved for a few days before the experiment and kept
at 18 °C. On the first day, the hydras were relaxed in 2% urethane for 1 min
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and then fixed in 4% formaldehyde in HM at 4°C overnight. The next day (day
2), the hydras were places in 4 mL glass sample vials (Hartenstein) before
proceeding to the permeabilization and hybridization steps. At room
temperature, the hydras were washed in 100% ethanol for 10 min and then
were rehydrated in a declining alcohol series (75 % EtOH / 25 % ddH20, 50 %
EtOH / 50 % PBS, 25 % EtOH / 75 % PBS) for 5 min each. The hydras were
washed in PBST three times for 5 min to remove the ethanol. Subsequently, the
tissue was permeabilized to increase the accessibility of the probe by digesting
the proteins with proteinase K (0.05 mg/mL) for 20 min. To halt tissue digestion,
the animals were incubated with 2 mg/mL glycine solution for 10 min. Then the
hydras were incubated in 0.1 M of triethanolamine and acetic anhydride (0.25%
and 0.5 % in 0.1 M triethanolamine) for 10 min each. This step is to prevent
binding of the negatively charged RNA probe to positively charged amino groups
of proteins in the samples and minimize background in the detection step.
Afterwards, the samples were re-fixed with 4% formaldehyde for 1 h at room
temperature followed by a series of three wash steps with PBST for 20 min.
Subsequently, the hydras were washed with hybridization buffer at room
temperature for 10 min and with pre-heated hybridization buffer at 57°C for 1
hr. Finally, during the last 10 min, the digoxigenin-labelled probes (See 8.2.11)
were denatured in hybridization solution to a final concentration of 100 ng/mL
and incubated for 20 hrs, at 57°C. During the time of hybridization, the anti-
DIG-AP-Fab fragments were preabsorbed to reduce the excessive background.
We collected ca. 20 hydras in 2 ml Eppendorf tube and washed them three
times in 1x PBS. Then we homogenized the hydra tissue using a micro pestle
and added 1 ml 1x PBS with 10 pl Anti-DIG-AP-Fab fragment (150 U, 200pL).
The hydras homogenates were incubated overnight with the antibody on a
shaker at 4°C at with continuous agitation. Afterwards, the samples were
centrifuged at minimum velocity for 5 min to pellet the homogenized hydra
tissue, and the supernatant was filtered using a 0.22 pm syringe filter
membrane (VWR international). The filtered supernatant was added to the
filtered 1xPBS to achieve 1:600 dilution and give an antibody working
concentration of 7500-1500 mU/mL. The preabsorbed anti-DIG-AP-Fab

fragments were stored at 4 °C.
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On day 3 the samples were washed with pre-warmed (57°C) 100%
hybridization solution, followed by 75% hybridization solution/25% 2x SSC 50%
hybridization solution/50% 2x SSC and 25% hybridization solution/75% 2x SSC,
all at 57 °C, for 10 min each. Then the hydras were blocked in 1% blocking
reagent in MAB to saturate unspecific binding sites for 1 h at room temperature
followed by the staining reaction with the preabsorbed 1:600 anti-Dig antibody
coupled to alkaline phosphatase in 1X PBS, pH 7.5 at 4°C overnight. On day 4
the unbound antibody was washed out approximately 15 times, each for 20 min
in 1X PBSTX. The detection of the signal was achieved by first equilibrating the
animals with NTM buffer for 10 min at room temperature and then incubating
in 2% NBT/BCIP in the dark. After reaching the optimal signal to background
ratio, the reaction was stopped by washing the animals in ddH20, followed by
dehydration and mounting on microscopic slides in 90% glycerol/1XPBS. Digital
images were acquired using a Leica EC3 digital camera incorporated into an

Olympus SZ61 Zoom Stereo Microscope.

8.4 Microscopic techniques

8.4.1 Synthesis of specific antibodies

In the case of TERB1 and MAJIN, there were no commercial antibodies against
the mouse proteins available; thus, we raised our own. We selected a suitable
antigen using their protein sequences (TERB1, GenBank ID: NP_851289 and
MAJIN GenBank ID: NP_001159391) (Table 7-1). CLC Genomic Workbench v7.0
software was used to select adequate antigenic polypeptides (10-20 residues)
considering sequence and structural features such as hydrophilicity,
accessibility and antigenic propensity. The corresponding peptides were used
to immunize animals to produce polyclonal antibodies. The immunization was
carried out by SeqglLab (Gétting) in @ 2-month protocol 2-month protocol with
three injections of the antigen at day 0, 21 and 49. Blood serum, which contains
the polyclonal antibodies, was taken at day 35 (1st bleeding), 53 (2nd bleeding)
and 60 (final bleeding) and forwarded by SeqLab.
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8.4.2 Testis tissue dissection

e 1x PBS (140mM NaCl, 2.6mM KCI, 6.4mM Na2HPO4, 1.4mM KH2PO4, pH
7.4).

The testes were isolated by a cut across the lower abdomen of a mouse. Testes

were then exposed by pulling out the fatty tissue. After separation from the

fatty tissue and cutting off the epididymis, the testes were quickly rinsed in ice-

cold PBS and further processed as needed.

8.4.3 Spreading spermatocytes from testicular seminiferous tubules

e PBS (8.4.2)

e 1% (w/v) paraformaldehyde (PFA), pH 9.2 + 0.15% (v/v) Triton X-100

e Hypotonic buffer: (30mM Tris-HCl; 17mM trisodium citrate; 5mM EDTA;
50mM sucrose; 5mM dithiothreitol, pH 8.2)

e 100 mM sucrose in ddH20

e SuperFrost Plus slide (Thermo Scientific)

For the preparation of mice, meiotic chromosome spreads, we followed the
protocol described by de Boer et al., (2009) with minor modifications. Wild type
mice (7.1.1) (30 days old) were anaesthetized and euthanized with CO2. After
the removal and decapsulation of mouse testes, seminiferous tubules were
suspended in hypotonic buffer. After 30 min, the swollen tubules from the
hypotonic buffer were transferred to a new slide into a drop of 100mM sucrose.
The tubules were disrupted with two fine forceps until a cell suspension was
achieved. Immediately, a SuperFrost Plus slide (Thermo Scientific) were dipped
into the 1% (w/v) (PFA), pH 9.2, 0.15% (v/v) Triton X-100 solution. Excess
solution was drained carefully by dripping it onto a tissue paper. The last droplet
was finally kept in one corner of the slide, so the cell suspension was placed
into this droplet. The suspension was dispersed over the entire slide by gently
swinging the slide. The slides were then placed in a moist chamber where it
was incubated with the lid closed for 2 hours, with the lid ajar for a further 1 h
and finally with the lid completely removed until it was dry. Finally, the slide

was wrapped in aluminium foil and could be stored at -80°C for a long period.
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8.4.4 Immunofluorescence of spreading meiotic cells

e PBS (8.4.2)

e Blocking solution: 5% (w/v) milk, 5% (v/v) fetal calf serum (FCS) in PBS pH
7.4. Before use centrifuge at 16000 x g for 30 min and use only supernatant.

e Antibodies against protein of interest (Table 7-1)

e Hoechst stock solution: 5 pg 5 Hoechst 33258 (Roche) in ddH20 (working
dilution: 1:333 in PBS)

e Mounting medium: 50% (v/v) glycerol; 50% (v/v) PBS

Slides of spread spermatocytes cells were washed in PBS (3x 5m min). After
this washing step, the slides were covered with blocking solution in a moist
chamber for at least 30 min. The primary antibodies were diluted in blocking
solution and centrifuged at 16000 g and 4°C for 30 min. Subsequently, the
antibody dilution was applied to the slide from which the blocking solution had
been removed by tilting it, and a coverslip was placed on top to ensure equal
dispersion of the antibody across the entire slide. The incubation of the primary
antibodies was performed in a closed, moist chamber at room temperature for
at least 1 hour. After the incubation step, samples were washed three times for
5 min in PBS. Before the incubation with the secondary antibodies, the slides
were again incubated in blocking solution (5% (w/v) milk 5% (v/v) FCS in PBS,
pH 7.4) in the moist chamber for 30 min. The secondary antibodies were diluted
in blocking solution (1:200) and centrifuged at 16000 g and 4°C for 30 min as
for the primary antibodies. The secondary antibody dilution was applied to the
sample in the moist chamber for 30 min. Then the coverslips were removed,
and a few drops of Hoechst 33258 working dilution 1:333 in PBS were added.
After 10 min incubation, the slides were rewashed in PBS three times for 5 min

and mounted with glycerol/PBS.

8.4.5 Immunofluorescence on meiotic cell suspension

e 1x PBS (7.4.2).
e 1% (w/v) paraformaldehyde in ddH20
e 0.1 % (v/v) Triton X-100 in ddH20

¢ nylon filter (Hartstein)
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e Lab-Tek II chamber slide system (Nunc, Thermo Scientific)

e 0.01% poly-L-lysine in ddH20

e Blocking solution: 5% (w/v) milk, 5% (v/v) fetal calf serum (FCS) in PBS pH
7.4. Before use centrifuge at 16000 g for 30 min and use only supernatant.

e Antibodies against protein of interest (Table 7-1)

e Hoechst stock solution: 5 pg 5 Hoechst 33258 (Roche) in ddH20 (working
dilution: 1:333 in PBS)

For the preparation of meiotic cell suspension, we followed Alsehimer et al.,
(2005), with minor modifications. Wild type mouse strain C57BL/6] (30 days
old) (7.1.1) were anaesthetized and euthanized with CO2. After the removal
and decapsulation of mice testes, seminiferous tubules were disrupted with two
razor blades until a cell suspension was achieved in cold 1x PBS. The suspension
was filtered through a nylon filter (mesh size 25-30 um) (Hartstein) and then
centrifuged for 10 min at 500 g at 4 °C. Afterwards, the pellet was resuspended
and incubated in 8 well Lab-Tek II chamber slide system (Nunc, Thermo
Scientific) chambers for 1 h at room temperature. During this time, the cells
could sink to the bottom of the chambers and adhere to the surface by previous
treatment of the chambers with 0.01% poly-L-lysine in ddH20 for 1 h, at room
temperature. The cells were fixed with 1% paraformaldehyde in ddH20 for 5
min at room temperature. Subsequently, the cells were permeabilized with
0.1% Triton-X100 solution, for 10 min at room temperature. Immediately the
cells were blocked with 5% milk powder and 5% FCS in PBS (pH 7.4) for at
least 30 min. The incubation of the primary antibodies was at room temperature
for at least 1 h. After the incubation step, samples were washed (3x 5 min) in
PBS. Before the incubation with the secondary antibodies, the slides were again
incubated in blocking solution (5% milk powder and 5% FCS in PBS, pH 7.4)
for 30 min. During the last 10 min of the secondary antibody incubation, a few
drops of Hoechst 33258 working dilution 1:333 in PBS were added. Samples

were again washed (3x 5 min) and incubated with PBS and stored at 4°C.

8.4.6 Telomere fluorescence in-situ hybridization (TeloFISH)

e 2x SCC: 0.3 M NaCl, 0.03 M Na-Citrate, pH 7.4
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e Hybridization solution: 30 % (v/v) Formamide; 10% (v/w) Dextran Sulfate;
250 pg/mL E.coli DNA (7.2.10) in 2x SSC)

e TBS buffer:150 mM NaCl; 10 mM Tris-HCI pH 7.4

e TBS/BR: 0.5% blocking reagent, pH 7.4 (Roche, Mannheim)

e Telomeric probes (7.2.1.1)

The combined TeloFISH with immunofluorescence protocol for mouse spread
preparations was performed according to Link et al., (2016), with minor
modifications.

Firstly, testis cell spreads (8.4.3) were dehydrated in an alcohol series (70%,
85% and 100%) for 5 min each. In parallel, 6 ul of each labelled telomere probe
reaction (8.2.14) was added to 80 pL pre-heated hybridization solution at 95 °C
for 15 min. Right before hybridization, 40 pL of the pre-heated hybridization
solution with the telomere probes was quickly pipetted onto the slides in a
moisture chamber. Immediately, the moisture chamber was placed in a pre-
heated (95 °C) oven and incubated for 20 min.

Subsequently, hybridization was performed at 37 °C overnight in a humid
chamber. Then, slides were washed two times in 2x SSC at 37 °C for 10 min
each and blocked with 0.5% blocking reagent (Roche, Mannheim, Germany) in
TBS (150 mM NaCl, 10 mM Tris/HCI; pH 7.4). Samples were incubated with
mouse anti-digoxigenin antibodies according to the manufacturer's protocol,
and bound antibodies were detected with Alexa488 anti-mouse secondary
antibodies (Table 7-1 and Table 7-2). Following the TeloFISH procedure,

samples were prepared for immunofluorescence as described in (8.4.6).

8.4.7 Confocal laser scanning microscopy (CLSM)

The immunofluorescence preparations of mice spermatocyte cell spread were
visualized and imaged on a Leica TCS-SP2 AOBS confocal laser scanning
microscope (CLSM) (Leica, Bensheim). The microscope was equipped with a
63x/1.40 HCX PL APO oil-immersion objective and laser lines of 405 nm, 488
nm, 561 nm and 633 nm.

105



Chapter 8: Methods

The images were scanned using Z-stacks at 800 Hz and 1024x1024 pixels for
the best focal plane. In addition, 4-fold frame averaging was used to minimize

background noise.

8.4.8 Structured illumination microscopy (SIM) and data processing

Intact mouse spermatocyte nuclei or cell spread from immunofluorescence
preparation were imaged at high resolution in 2D and 3D with a SIM Zeiss Elyra
S.1 (Carl Zeiss Microscopy GmbH). The microscope was equipped with a 63x/1.4
oil Plan-Apochromat DICM27 and 63x/1.2 W KorrM27 objective DICIII, X-cite
(LED) illumination lamp; 405, 488, 592 and 647 nm lasers with 5 grid rotation
and 5 shifts and a PCO Edge 5.5 sCMOS camera (Zeiss). Immersion oils ranging
in refractive index from 1.33 (water) to 1.518 were used, depending on the
objective and sample conditions analyzed.

Chromatic shifts introduced by different optical parts (dichroic and emission
filters) along the z-axis were corrected using multicolour imaging of 200 nm
TetraSpeck beads (Life Technologies, Catalog # T7280). The beads were placed
on spread cells, or cell suspension samples were mounted at a dilution of 1:500
(v/v) in ethanol or ddH20 and left to completely dry until the samples were
mounted, to ensure identical conditions of the oil and mounting medium. To
acquire bead images, we made a Z-stack (interval=90nm, Z-range=3.5 um) for
each colour present in the sample of interest. The images were processed using
ZEN 2012 software (Carl Zeiss Microscopy GmbH) algorithms for channel
alignment. The created correction template (.bin file) was used in each image
to compensate for any chromatic aberrations and offsets between channels in
SIM.

The image acquisition was performed, adjusting for each sample the laser
power, camera exposure time, and camera gain (if applicable) to fill a significant
portion of the dynamic range of the camera. We avoided saturating any pixels
and amplifying noise from non-specific staining and autofluorescence as much
as possible. To prevent bleaching, the individual fluorochromes in the sample
were imaged in succession from the longest to the shortest wavelength. Z-
stacks of each image was performed using the following settings: Interval of
0.1 um, Resolution in bits: 16 and Format in 1024x1024. After the acquisition,
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we used the function 'Average in Frame' provided by the software ZEN 2012
(Carl Zeiss Microscopy GmbH) to minimize background noise. The image
reconstruction was done using the software ZEN 2012 (Carl Zeiss Microscopy
GmbH) based on the structured illumination algorithms developed by
Heintzmann and Cremer (1999). The negative values were not discarded in the

reconstruction process, to utilize the full dynamic range and 16-bit colour depth.

8.4.9 Intensity profile measurements of meiotic telomeres

The signal distribution of meiotic telomere proteins from immunofluorescence
preparations of spermatocyte cell spread were analyzed in FIJI (Schindelin et
al., 2012). Late pachytene-spermatocytes were selected by the marker pair XY
chromosomes (Moses, 1980), and zygotene-like cells. For each image stack,
maximum intensity projections were used for the analysis. In addition, the
background was subtracted by measuring the average intensity in an ROI
outside the sample area and subtracting this fixed intensity value from each in
the image equally. Telomeres are orientated differently in space so to measure
the intensity profile we drew an ROI of fixed length (1 um) and width (10) along
the last part of each telomere to follow its direction and perpendicular to the
staining orientation. For each colour channel, the intensity along the selected
ROI was recorded. Then the highest intensity value was used to assign the
position of the peak along the line in um. The distal along the axial axis between
two protein signals were calculated as the separation distance between the

maxima of their corresponding intensity peaks.

8.5 Bioinformatics

8.5.1 Homology search

To identify distantly homologous sequences of mouse TERB1, TERB2 and MAJIN

protein sequences PSI-BLAST (Position-Specific Iterative Basic Local Alignment

Search Tool) (Altschul et al., 1997) were performed using the NCBI server

https://blast.ncbi.nim.nih.gov/Blast.cgi

The advantage of PSI-BLAST is that it derives a position-specific scoring matrix

(PSSM) or profile from the multiple sequence alignment of sequences detected
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above a given score threshold using protein-protein BLAST. This PSSM is used
to further search the database for new matches and is updated for subsequent
iterations with these newly detected sequences.

PSI-BLAST was executed using the default parameters (expected threshold 10,
word size 3, Gap cost Existence: 15 Extension: 2). The hits with better statistical
significance than the threshold e-value 0.005 were used for the next PSI-BLAST
iteration. Iterations were repeated for newly detected homologue sequences
until the search converged. The sequences retrieved were used for reciprocal
BLAST analyses to ensure that they represented putative homologs and not

false positives.

8.5.2 Multiple sequence alignment

Multiple sequence alignments of putative homologs of mouse TERB1-TERB2-
MAJIN candidates were performed with PROMALS3D web server
(http://prodata.swmed.edu/promals3d/). PROMALS3D integrate advanced
alignment techniques such as probabilistic consistency of profile—profile
comparisons and predicted secondary and tertiary structures (Pei & Grishin,
2007; Pei et al., 2008). Available structures from the Protein Data Bank (PDB)
(Berman et al., 2003) for TERB1 (PDBI: 1x58_chainA and 6j07_chainB), TERB2
(6j07_chainA) and MAIJIN (6j08_chainA) were uploaded in PROMALS3D. The
resulting multiple sequence alignments were annotation using ESPript3 (Robert
& Gouet 2014). In order to predict functional motifs or functional domains we
scanned the sequences through the Eukaryotic Linear Motif (ELM)
(http://elm.eu.org/index.html) (Dinkel et al., 2016) and Superfamily web server
(http://supfam.org/) (Gough et al., 2001) respectively.

8.5.3 Phylogenetic tree construction

To estimate the relationship between the sequences and their hypothetical
common ancestor, we built a phylogenetic tree. The phylogenetic tree was
constructed based on a taxonomically balanced subset of homologous
sequences which represent a wide range of animal phyla. First, the multiple
sequence alignment was performed using MAFFT v.7.309 (Katoh & Standley,

2013) with the iterative accurate option L-INS-I. Then, the resulting multiple
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alignments were trimmed to include only the regions that suited for
phylogenetic inference with BMGE (“Block Mapping and Gathering with Entropy”
software) v.1.12 (option -m BLOSUME45) (Criscuolo & Gribaldo, 2010). This
step edits the unambiguously aligned regions and inserts or deletes gaps to
more accurately reflect the probable evolutionary process that leads to
divergence between the sequences. Subsequently, MrBayes v.3.2.6 (Ronquist
et al., 2012) was used to compute Bayesian trees with a mixed model of amino
acid substitution, including a gamma distribution (4 discrete categories). The
gamma distribution assigns a substitution probability to sites (e.g. the third
codon position tends to be much more variable). Also, MrBayes was run with
four chains for 1 million generations, and trees were sampled every 100
generations. To construct the consensus tree, the first 2,000 trees were
discarded as “burn-in”. The robustness of the tree nodes was assessed with
Bayesian posterior probabilities (BPP > 70). The final trees were drawn with
iToL v4 (Letunic & Bork, 2019).

8.5.4 Protein structure homology modeling

Homology modelling of hydra MAJIN proteins was performed with the SWISS-
MODEL program (https://swissmodel.expasy.org/) (Biasini et al., 2014) using
human N-terminal MAJIN (Swiss-Prot id: Q9D992 1-112 aa.; PDB id: égny) as
a template. The model quality is estimated using the scoring function QMEAN,
based on different geometrical properties. It provides both global (i.e. for the
entire structure) and local (i.e. per residue) absolute quality estimates. The
QMEAN Z-score indicates if the QMEAN score of the model is comparable to
what one would expect from experimental structures of similar size. QMEAN Z-
scores around 0 indicates good agreement between the model structure and
experimental structure of similar size. Scores of -4 or below are an indication of
models with low quality. The model .pdb file was retrieved and visualized in
Chimera v1.13.1 (Pettersen et al., 2004).
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Table 10-1 Species, taxonomic rank, and protein accession numbers of

candidate TERB1 homologues in metazoans obtained using PSI-BLAST

Species name Taxonomic rank el
number
Mus musculus Metazoa; Deusterostoma; Chordata; Vertebrata; Mammalia NP_851289
Cavia porcellus Metazoa; Deusterostoma; Chordata; Vertebrata; Mammalia XP—0§§4719
Homo sapiens Metazoa; Deusterostoma; Chordata; Vertebrata; Mammalia NP_O;)711299
Chrysirgl?i/is picta Metazoa; Deuterostoma; Chordata Vertebrata; Testudines XP—08§1734
Monopterus albus Metazoa; Deuterostoma; Chordata; Vertebrata; Actinopterygii XP—0§84688
Pogona vitticeps Metazoa; Deuterostoma; Chordata; Vertebrata; Lepidosauria XP—O§267OO
Scleropages . ) . . . . XP_0186079
fOrMOSUS Metazoa; Deuterostoma; Chordata; Vertebrata; Actinopterygii 88
. A!Ilg_ato_r Metazoa; Deuterostoma; Chordata; Vertebrata; Archosauria XP_0193484
mississippiens 99
Columba livia Metazoa; Deuterostoma; Chordata; Vertebrata; Archosauria XP—022é1377
Callorhincus milii Metazoa; Deuterostoma; Chordata; Vertebrata; Chondrichthyes XP_Oé)gQOGO
Latimeria chalumnae Metazoa; Deuterostoma; Chordata; Vertebrata; XP_0143487
Coelacanthimorpha 2
Gekko japonicus Metazoa; Deuterostoma; Chordata; Vertebrata; Lepidosauria XP_O;SZ?Q?
Chelonya mydas Metazoa; Deuterostoma; Chordata; Vertebrata; Testudines XP_O;);OSB?
Danio rerio Metazoa; Deuterostoma; Chordata;Vertebrata; Actinopterygii NP—Ogll 0828
Xenopus tropicalis Metazoa; Deuterostoma; Chordata;Vertebrata; Amphibia XP—071;9486
Xenopus laevis Metazoa; Deuterostoma; Chordata;Vertebrata; Amphibia OCT57393
Acanthaster planci Metazoa; Eumetazoa; Bilateria; Deuterostomia; Echinodermata XP—0§§0815
Limulus polvohemus Metazoa; Eumetazoa; Bilateria; Protostomia; Ecdysozoa; XP_0222460
polyp Panarthropoda; Arthropoda 46
Capitella teleta Metazoa; Eumetazoa; Bllatigﬁ;e::i’drgtostomla; Lophotrochozoa; ELU13718
. . Metazoa; Eumetazoa; Bilateria; Protostomia; Lophotrochozoa; XP_0134072
Lingula anatina ;
Brachiopoda 83
L Metazoa; Eumetazoa; Bilateria; Protostomia; Lophotrochozoa; XP_0222862
Crassostrea virginica . ;
Mollusca; Bivalvia 82
Mlzuhopecyen Metazoa; Eumetazoa,; Bllaterla;_ Pr.otos_tomla; Lophotrochozoa; OWE54743
yessoensis Mollusca; Bivalvia
. I Metazoa; Eumetazoa; Bilateria; Protostomia; Lophotrochozoa;  XP_0051093
Aplysia californica .
Mollusca; Gastropoda 53
L Metazoa; Eumetazoa; Bilateria; Protostomia; Lophotrochozoa; XP_0090538
Lottia gigantea .
Mollusca; Gastropoda 58
. . . - . RUSB80343/E
Elysia chlorotica Metazoa; Eumetazoa; Bllater!a, Protostomia; Lophotrochozoa; GWO8_0118
Mollusca; Gastropoda 82
Hydra vulgaris Metazoa; Eumetazoa; Cnidaria; Hydrozoa XP—03§5619
Amphlmed(_)n Metazoa; Porifera; Demospongiae XP_0198501
gqueenslandica 31
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Sarcophilus harrisii

Ornithorhynchus
anatinus

Salmo salar

Apteryx australis
mantelli

Rhincodon typus

Branchiostoma
belcheri
Branchiostoma
floridae
Strongylocentrotus
purpuratus
Saccoglossus
kowalevskii

Priapulus caudatus

Crassostrea gigas

Zootermopsis
nevadensis
Parasteatoda
tepidariorum
Octopus
bimaculoides
Dendronephthya
gigantea

Acropora digitifera

Exaiptasia pallida

Nematostella
vectensis

Orbicella faveolata

Stylophora pistillata

Pocillopora
damicornis

Trichoplax adherens

Metazoa; Deuterostoma; Chordata; Vertebrata; Mammalia

Metazoa; Deuterostoma; Chordata; Vertebrata Mammalia;
Monotremata

Metazoa; Deuterostoma; Chordata; Vertebrata; Actinopterygii
Metazoa; Deuterostoma; Chordata; Vertebrata; Archosauria
Metazoa; Deuterostoma; Chordata; Vertebrata; Chondrichthyes
Metazoa; Deuterostoma; Chordata;Cephalochordata
Metazoa; Deuterostoma; Chordata;Cephalochordata
Metazoa; Eumetazoa; Bilateria; Deuterostomia; Echinodermata
Metazoa; Eumetazoa; Bilateria; Deuterostomia; Hemichordata

Metazoa; Eumetazoa; Bilateria; Protostomia; Ecdysozoa

Metazoa; Eumetazoa; Bilateria; Protostomia; Lophotrochozoa;
Mollusca; Bivalvia
Metazoa; Eumetazoa; Bilateria; Protostomia; Ecdysozoa;
Arthropoda; Hexapoda; Insecta
Metazoa; Eumetazoa; Bilateria; Protostomia; Ecdysozoa;
Arthropoda; Chelicerata; Arachnida;
Metazoa; Eumetazoa; Bilateria; Protostomia; Lophotrochozoa;
Mollusca; Cephalopada

Metazoa; Eumetazoa; Cnidaria; Anthozoa

Metazoa; Eumetazoa; Cnidaria; Anthozoa
Metazoa; Eumetazoa; Cnidaria; Anthozoa

Metazoa; Eumetazoa; Cnidaria; Anthozoa
Metazoa; Eumetazoa; Cnidaria; Anthozoa
Metazoa; Eumetazoa; Cnidaria; Anthozoa
Metazoa; Eumetazoa; Cnidaria; Anthozoa

Metazoa; Placozoa; Trichoplax

XP_0123957
45
XP_0076656
74
XP_0140040
17
XP_0137965
92
XP_0203838
69
XP_0196134
58
XP_0025889
32
XP_0037312
08
XP_0068253
63
XP_0146726
79
XP_0199190
25
XP_0219268
56
XP_0159156
39

KOF89697

XP_0284140
65
XP_0157525
71
KXJ09956

XP_0016267
28
XP_0206165
93
XP_0228022
03
XP_0270498
08
XP_0021173
03

Table 10-2 Species, taxonomic rank, and protein accession numbers of

candidate TERB2 homologues in metazoans obtained using PSI-BLAST.

Species name

Taxonomy rank

Accesion number

Mus Musculus

Branchiostoma
belcheri

Monopterus albus

Latimeria
chalumnae

Gekko japanicus

Pogona vitticeps

Scleropages
formosus

Metazoa; Deuterostoma; Chordata; Vertebrata; Mammalia

Metazoa; Deuterostoma; Chordata; Cephalochordata

Metazoa; Chordata;Craniata; Vertebrata; Actinopterygii
Metazoa; Deuterostoma; Chordata; Vertebrata;
Coelacanthimorpha
Metazoa; Deuterostoma; Chordata; Vertebrata;
Lepidosauria
Metazoa; Deuterostoma; Chordata; Vertebrata;
Lepidosauria
Metazoa; Deuterostoma; Chordata; Vertebrata;
Actinopterygii
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NP_083190
XP_019615255
XP_020462382
XP_006013910

XP_01526237
XP_020663749

XP_018595098
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Salmo salar
Alligator
mississippiensis
Apteryx rowi

Apteryx austalis
mantelli

Columba livia

Callorhinchus millii

Bos taurus
Capra hircus
Cavia porcellus
Homo sapiens
Sarcophilus harrisii

Chelonya mydas

Xenopus laevis
Xenopus tropicalis

Rhincodon typus
Chrysemys picta
bellii

Acanthaster planci

Apostichopus
japonicus
Strongylocentrotus
purpuratus
Saccoglossus
kowalevskii
Centruroides
sculpturatus
Limulus
polyphemus

Capitella teleta

Crassostrea gigas
Crassostrea
virginica
Mizuhopecten
yessoensis

Aplysia californica
Lottia gigantea

Elysia chlorotica

Acropora digitifera

Orbicella faveolata

Dendronephthya
gigantea
Pocillopora
damicornis

Stylophora pistillata
Hydra vulgaris
Lingula anatina

Trichoplax
adherens

Metazoa; Deuterostoma; Chordata; Vertebrata;
Actinopterygii
Metazoa; Deuterostoma; Chordata; Vertebrata;
Archosauria
Metazoa; Deuterostoma; Chordata; Vertebrata;
Archosauria
Metazoa; Deuterostoma; Chordata; Vertebrata;
Archosauria
Metazoa; Deuterostoma; Chordata; Vertebrata;
Archosauria
Metazoa; Deuterostoma; Chordata; Vertebrata;
Chondrichthyes

Metazoa; Deuterostoma; Chordata; Vertebrata; Mammalia
Metazoa; Deuterostoma; Chordata; Vertebrata; Mammalia
Metazoa; Deuterostoma; Chordata; Vertebrata; Mammalia
Metazoa; Deuterostoma; Chordata; Vertebrata; Mammalia

Metazoa; Deuterostoma; Chordata; Vertebrata; Mammalia

Metazoa; Deuterostoma; Chordata; Vertebrata;
Testudines

Metazoa; Deuterostoma; Chordata;Vertebrata; Amphibia
Metazoa; Deuterostoma; Chordata;Vertebrata; Amphibia
Metazoa; Deuterostoma; Vertebrata; Chondrichthyes

Metazoa; Deuterstoma; Chordata; Vertebrata; Testudines

Metazoa; Eumetazoa; Bilateria; Deuterostomia;
Echinodermata
Metazoa; Eumetazoa; Bilateria; Deuterostomia;
Echinodermata
Metazoa; Eumetazoa; Bilateria; Deuterostomia;
Echinodermata
Metazoa; Eumetazoa; Bilateria; Deuterostomia;
Hemichordata
Metazoa; Eumetazoa; Bilateria; Protostomia; Ecdysozoa;
Panarthropoda; Arthropoda
Metazoa; Eumetazoa; Bilateria; Protostomia; Ecdysozoa;
Panarthropoda; Arthropoda
Metazoa; Eumetazoa; Bilateria; Protostomia;
Lophotrochozoa; Annelida
Metazoa; Eumetazoa; Bilateria; Protostomia;
Lophotrochozoa; Mollusca; Bivalvia
Metazoa; Eumetazoa; Bilateria; Protostomia;
Lophotrochozoa; Mollusca; Bivalvia
Metazoa; Eumetazoa; Bilateria; Protostomia;
Lophotrochozoa; Mollusca; Bivalvia
Metazoa; Eumetazoa; Bilateria; Protostomia;
Lophotrochozoa; Mollusca; Gastropoda
Metazoa; Eumetazoa; Bilateria; Protostomia;
Lophotrochozoa; Mollusca; Gastropoda
Metazoa; Eumetazoa; Bilateria; Protostomia;
Lophotrochozoa; Mollusca; Gastropoda

Metazoa; Eumetazoa; Cnidaria; Anthozoa
Metazoa; Eumetazoa; Cnidaria; Anthozoa

Metazoa; Eumetazoa; Cnidaria; Anthozoa

Metazoa; Eumetazoa; Cnidaria; Anthozoa

Metazoa; Eumetazoa; Cnidaria; Anthozoa
Metazoa; Eumetazoa; Cnidaria; Hydrozoa
Metazoa; Lophotrochozoa; Brachiopoda

Metazoa; Placozoa; Trichoplax
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XP_014030940
XP_014455423
XP_025914060
XP_013811644
XP_021139078

XP_007906225

NP_001070546
XP_005686283
XP_003471804
NP_689661
XP_012401909

XP_007056532

XP_018110167
XP_017947896
XP_020378706

XP_008165062
XP_022105193
PIK5153
XP_011664353
XP_002730738
XP_023233003
XP_022250037
ELT95246
XP_019930121
XP_022329935
XP_021360479

XP_005090461

XP_009048665

RUS7892277EGWO0

8_013300
XP_015753906

XP_020630061
XP_028398919

XP_027045077

XP_022784010
XP_002169769
XP_013380855

XP_002110273
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Amphimedon
gqueenslandica

Metazoa; Porifera; Demospongiae

XP_019856173

Table 10-3 Species, taxonomic rank, and protein accession numbers of

candidate MAJIN homologues in metazoans obtained using PSI-BLAST

Species hame

Taxonomic rank

Accesion number

Mus musculus
Callorhinchus milii

Chelonia mydas

Gekko japonicus
Alligator
mississippiensis
Pogona vitticeps
Branchiostoma
belcheri

Branchiostoma
floridae

Rhincodon typus

Danio rerio
Monopterus albus

Salmo salar
Latimeria
chalumnae
Xenopus leavis

Xenopus tropicalis
Apteryx australis
mantelli
Columba livia
Scleropages
formosus
Bos taurus
Capra hircus
Cavia porcellus
Homo sapiens
Saimiri boliviensis
Ornithorhynchus
anatinus
Sarcophilus harrisii

Acanthaster planci

Apostichopus
japonicus
Stronglocentrotus
purpuratus
Saccoglossus
kowalevskii

Priapulus caudatus

Capitella teletea

Cassostrea gigas

Metazoa; Deuterostoma; Chordata; Vertebrata; Mammalia

Metazoa; Deuterostoma; Chordata; Vertebrata;
Chondrichthyes

Metazoa; Deuterostoma; Chordata; Vertebrata; Testudines

Metazoa; Chordata; Craniata; Vertebrata; Reptilia
Metazoa; Deuterostoma; Chordata; Vertebrata;
Archosauria
Metazoa; Deuterostoma; Chordata; Vertebrata;
Lepidosauria

Metazoa; Deuterostoma; Chordata; Cephalochordata

Metazoa; Deuterostoma; Chordata; Cephalochordata

Metazoa; Deuterostoma; Vertebrata; Chondrichthyes

Metazoa; Deuterostoma; Chordata;Vertebrata;
Actinopterygii

Metazoa; Deuterostoma; Chordata; Vertebrata;
Actinopterygii

Metazoa; Deuterostoma; Chordata; Vertebrata;
Actinopterygii

Metazoa; Deuterostoma; Chordata; Vertebrata;

Coelacanthimorpha

Metazoa; Deuterostoma; Chordata; Vertebrata; Amphibia

Metazoa; Deuterostoma; Chordata; Vertebrata; Amphibia

Metazoa; Deuterostoma; Chordata; Vertebrata;
Archosauria

Metazoa; Deuterostoma; Chordata; Vertebrata;
Archosauria

Metazoa; Deuterostoma; Chordata; Vertebrata;
Archosauria

Metazoa; Deuterostoma; Chordata; Vertebrata; Mammalia
Metazoa; Deuterostoma; Chordata; Vertebrata; Mammalia
Metazoa; Deuterostoma; Chordata; Vertebrata; Mammalia
Metazoa; Deuterostoma; Chordata; Vertebrata; Mammalia

Metazoa; Deuterostoma; Chordata; Vertebrata; Mammalia

Metazoa; Deuterostoma; Chordata; Vertebrata; Mammalia;
Monotrema

Metazoa; Deuterostoma; Chordata; Vertebrata; Mammalia

Metazoa; Eumetazoa; Bilateria; Deuterostomia;
Echinodermata

Metazoa; Eumetazoa; Bilateria; Deuterostomia;
Echinodermata

Metazoa; Eumetazoa; Bilateria; Deuterostomia;
Echinodermata

Metazoa; Eumetazoa; Bilateria; Deuterostomia;
Hemichordata

Metazoa; Eumetazoa; Bilateria; Protostomia; Ecdysozoa

Metazoa; Eumetazoa; Bilateria; Protostomia;
Lophotrochozoa; Annelida
Metazoa; Eumetazoa; Bilateria; Protostomia;
Lophotrochozoa; Mollusca; Bivalvia
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NP_001159391
XP_007883186

XP_007052730
XP_015282829

KY031280
XP_020652836
XP_019625986
XP_002606604
XP_020370007
XP_017212702
XP_020465821
XP_014012104

XP_014349143

OCT81751
OCA37246

XP_013799140
XP_013224740

XP_018592548

XP_015316798
XP_017899084
XP_013006196
XP_005273975
XP_010346585

XP_007662640

XP_012408262
XP_022090649

PIK39444

XP_011668546

XP_006812193
XP_014676280
ELT98474.1

XP_011454168
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Cassostrea
virginica
Mizuhopecten
yessoensis

Aplysia californica
Elysia chlorotica

Lottia gigantea

Acropora digitifera
Orbicella faveolata

Dendronephthya
gigantea

Stylophora pistillata
Hydra vulgaris

Lingula anatina
Trichoplax
adherens

Amphimedon

gueenslandica

Metazoa; Eumetazoa; Bilateria; Protostomia;
Lophotrochozoa; Mollusca; Bivalvia
Metazoa; Eumetazoa; Bilateria; Protostomia;
Lophotrochozoa; Mollusca; Bivalvia
Metazoa; Eumetazoa; Bilateria; Protostomia;
Lophotrochozoa; Mollusca; Gastropoda
Metazoa; Eumetazoa; Bilateria; Protostomia;
Lophotrochozoa; Mollusca; Gastropoda
Metazoa; Eumetazoa; Bilateria; Protostomia;
Lophotrochozoa; Mollusca; Gastropoda

Metazoa; Eumetazoa; Cnidaria; Anthozoa
Metazoa; Eumetazoa; Cnidaria; Anthozoa

Metazoa; Eumetazoa; Cnidaria; Anthozoa

Metazoa; Eumetazoa; Cnidaria; Anthozoa
Metazoa; Eumetazoa; Cnidaria; Hydrozoa
Metazoa; Lophotrochozoa; Brachiopoda

Metazoa; Placozoa; Trichoplax

Metazoa; Porifera; Demospongiae

XP_022338123
XP_021345218

XP_012946253

RUS71040
/EGW08_021198

XP_009058794

XP_015763651
XP_020615173

RMX50144

XP_022790937
XP_012563853
XP_013401921

XP_002109914

XP_019850558

131



Conservation:
Columba_livia
6§j07_chainB_p002
Hemo_sapiens

Alligator mississippiensi
Chelonia_mydas
Xenopus_laevis
Xenopus_tropicalis
Mus_musculus
1x58_chaind p001
Latimeria_chalumnae
Pogona_vitticeps
Gekko_japonicus
Callorhinchus_milii
Monopterus_albus
Danio_rerio
Scleropages_formosus
Elysia_chlorotica
Aplysia_californica
Capitella_teleta
Lottia_gigantea
Crassostrea_virginica
Mizuhopecten yessoensis
Acanthaster_planci
Amphimedon gueenslandica
Limulus_polyphemus
Hydra_vulgaris
Lingula_anatina
Consensus_aa:

Consensus ss:

Conservation:
Columba_livia
6307_chainB_p002
Homo_sapiens
Alligator_mississippiensi
Chelonia_mydas
Xenopus_laevis
Xenopus_tropicalis
Mus_musculus
1x58_chainA_p001
Latimeria_chalumnae
Pogona_vitticeps
Gekko_japonicus
Callorhinchus_milii
Monopterus_albus
Danio_rerio
Scleropages_formosus
Elysia_chlorotica
Aplysia_californica
Capitella_teleta
Lottia_gigantea
Crassostrea_virginica
Mizuhopecten_yessocensis
Acanthaster_planci
Amphimedon_gqueenslandica
Limulus_polyphemus
Hydra_vulgaris
Lingula_anatina
Consensus_aa:
Consensus_ss:

Consexvation:
Columba_livia
6307_chainB_p002
Homo_sapiens
Alligator_mississippiensi
Chelonia_mydas
Xenopus_laevis
Xenopus_tropicalis
Mus_musculus
1x58_chainA_p001
Latimeria_chalumnae
Pogona_vitticeps
Gekko_japonicus
Callorhinchus_milii
Monopterus_albus
Danio_rerio
Scleropages_formosus
Elysia_chlorotica
Aplysia_californica
Capitella_teleta
Lottia_gigantea
Crassostrea_virginica
Mizuhopecten_yessoensis
Acanthaster_planci
Amphimedon_gueenslandica
Limulus_polyphemus
Hydra_wvulgaris
Lingula_anatina
Consensus aa:

Consensus ss:
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Figure 10-1 Multiple sequence alighment of candidate TERB1 sequences by
PROMALS3D.

The sequences with magenta names are colored according to their predicted secondary
structures (red: alpha-helix; blue: beta-strand). The sequences with black names
belong to the same taxonomic groups of the nearest magenta sequence above them
in the alignment. The first line in each block shows conservation indices for positions
with a conservation index above 4. The highlighted rectangles in the alignment
indicates domain/motif boundaries in mouse TERB1 protein. Each color represents a
domain: ARM repeat domain (orange), TRFB domain (grey), T2B; binding site of TERB2
(light blue), TRF1-binding motif (violet) and MYB domain (green).
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Figure 10-2 Multiple sequence alignment of candidate TERB1 sequences that
lack a MYB-domain by Promals3D.

Multiple sequence alignment of candidate TERB1 sequences that lack a MYB-domain
by Promals3D. The sequences with magenta names are colored according to predicted
secondary structures (red: alpha-helix, blue: beta-strand). The sequences with black
names belong to the same taxonomic group of the nearest magenta sequence above
them. The first line in each block shows conservation indices for positions with a
conservation index above 4. The highlighted rectangles in the alignment correspond to
the mouse TERB1 N-terminal ARM repeat domain (orange) and TERB2-binding site in
TERBL1 (light blue).
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Pocillopora_damicornis
Stylophora_pistillata
Orbicella_faveoclata
Acropora_digitifera
Centruroides sculpturatus
Consensus_aa:
Consensus_s§s:
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Conservation:
Homo_sapiens
€j08_chainD_p002
Sarcophilus_harrisii
6307 _chaina_p001
Mus_musculus

Calu:ba livia
Apteryx_rowi
Chelonia_nydas
Alligateor_mississippiensi
Gekko_japonicus
Pogona_vitticeps
Rhincodon_typus
Callorhinchus_milii
Danio_rerio

Latimeria chalumnae
Sclercpages_formosus
Xenopus_laevis
Xenopus_tropicalis
Salmo_salar
Monopterus_aldus
Amphideom_queenslandica
Elysia_chlorotica
Branchiostoma_belcheri
Hydra_vulgarisAEp
Capitella_teleta
Limulus_polyphemus
Lingula_anatina
Dendronephthya_gigantea
Acanthaster_planci
Apostichopus_japonicus
strongylocentrotus_purpur
Aplysia_californica
lottia_gigantea
Saccoglossus_kowalevskii
Trichoplax_adhaerens
Mizuhopecten_yesscensis
Crasscatrea_gigas
Crassostrea_virginica
Pocillopora_damicornis
Stylophora_pistillata
Orbicella_faveclata
Acropora_digitifera
Centruroides_sculpturatus
Consensus_aa:

Consensus _ss:

Conservation:
Homo_sapiens
6308_chainD_p002
Sarcophilus_harrisii
€307 _chaina_p001
Mus_musculus

Columba livia
Aptoryx_rowi
Chelonia_mydas
Alligator_mississippiensi
Gekko_japonicus
Pogona_vitticeps
Rhincodon_typus
Callorhinchus milii
Danio_rerio
Latimeria chalumnae
Sclercpages_formosus
%enopus_laevis
Xenopus_tropicalis
Salmo_salar
Moncpterus_albus
Amphideom_queenslandica
Elyaia_chlorotica
Branchicstonma belcheri
Hydra_vulgarisAEp
Capitella_teleta
Limulus_polyphemus
Lingula_anstina
Dendronephthya gigantea
Acanthastez_planci
Apostichopus_japonicue
Strongylocentrotus_purpur
Ap ysia_ cal fornica

7 _gigantea

S oqlclsua_zwa.ev:kn
Tricheplax_adhaerens
Mizuhopecten_yessoensis
Crassostrea_gigas
Cragsostrea_virginica
Pocillopora_damicornis
Stylophora pistillata
Orbicella_faveolata
Acropora_digitifera
Centruroides_sculpturatus
Consensus aa:
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Conservation:
Homo_sapiens 100 104
£j08_chainD_p002
Sarcophilus_hazrisii 148 150
£307_chaind_p001 27 101
Hus_musculus 100 104
Columba livia 100 104
ApTeryx_rowi 102 106
chelonia_mydas 102 106
Alligator mississippiensi 100 104
Gekko_japonicus 100 104
Fogona_witticeps 101 105
shincodon_typus 100 104
Callorhinchus_milii 100 104
Danio_reric 100 104
Latimeria_chalumnae 51 55
Sclercpages [ormosus a7 101
Xenopus_lasvis ag 102
Yencpus_tropicalis 101 105
Salmo_salar 100 104
albus 100 104
weanslandica 121 122
W _ rotica 114 118
Branchiostoma_belcheri 126 125
Hydea_vulgarisREP 126 177
Capitella_teleta 119 123
Limuilus polyphemiis 108 103
Lingula_anatina 113 114
Dendronephthya_gigantea 104 126
108 118
1x1 124
rotus_purpur 108 118
Aplysia_californica 191 1598
Lottia_gigantea 100 103
Saccoglossus_kowalewvekii 102 106
Trichoplax_adhaerens 148 152
Mizuhopecten_yessosnsis 104 111
Crassostrea_gigas 103 106
Cragsostrea_virginica 103 == == 106
Focillepora damicornis 10 ~FYRNECPRLY REDVRLTGHNN DGR RS G FHE S ENSHREARNTNDDEDSDENEFEDSSLINVLD [169
Stylophora_pistillata 167 -FCRNRCPRLYREDVRASCREDDRESCLDETRI KRS AGEAC I PHDNEDSDENEFEDREVFEVLE
Crbicella_faveslata 143
herepora_digitifera 110
Centrurcides sculpturacus a9
Consensus aa:
Consensus_ss:
Conservacieon:
_sapians 105 115
£508_chainD_p002
Sarcophilus_harrisii 151 161
Ej07_chainn_p001 102 107
Mus_musculus 105 11%
Columia livia 105 115
hpteryx_rowl 107 117
Cheleonia mydas 107 117
Alligator_mi 105 115
Gekko_japoni 105 112
Fogona_vitticeps 108 113
fhincedon_typus 108 116
Callorhinchus_milii 105 113
Lanio reric 105 115
Latimeria chalumnae 56 (1]
Sclercpages_formosus 102 112
Xenopus_laevis 103 112
Xenopus_tropicalis 108 115
Salmo_salar 1058 11€
Monopterus_albus 105 115
hmphidecm gqueenslandica 123 129
Elyeia_chlerctica 118 lzé
Branchicstoma belcheri 130 133
Hydra_wulgarisAZp 178 les
Capitella_teleta 124 134
Limulus_polyphemus 110 118
Lingula_anatina 115 130
Dendrenephthya_gigantea 127 196
Acanthaster_planci 113 - 143
Apostichopus_Japonicus 123 148
Strongylocentrotus_purpur 116 125
Aplysia californica 1%3 210
Lottia_gigantea 104 116
Saccoglossus_kowalewvskii 107 11€
T:’i(.hcsplax_ar‘.ha-a:'ﬁr_:: 183 i83
Mizuhopecten_yesscensis 1iz 122
Cragscetrea_gigas 107 117
Cragsostres_virginica 107 117
Pocillopora damicornis 170 198
Stylophora_pistillata 170 198
Orbicalla faveolata 148 158
.a::'opcs:'.a_;_c;:':ifara 117 i27
centrurcides_sculpturatus 107 119
Congensus aa;
Congensus Ss;
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Conservation:

Home saplens
€j08_chainD _p002
Sazcophilus_harrisii
6307_chaina p001
Mus_musculus
Columba_liwia
Aptaryx_rowi
Chelonia_mydas
Alligator mississippiensi
Gakko_japonicus
Pogona_vitticeps
Rhincodon_typus
callorhinchus milid
Danig Eio
ria_chalumnas
ropages_formosus
Xenopus_laevis
Xenopus_tropicalis
Salmo_salar
Monopterus_albus
Amphidesm queenslandica
Elysia_ rotica
Branchicstoma_belcheri
Hydra_wulgarisAEP
Capitella_teleta
Limulus_ polyphsmus
Lingula_anatina
Dendronephthya_gigantea
Reanthaster planei
Apostichopus_japonicus
Strongylocantrotus _purpur
Aplysia_californica
Lottia_gigantea
Saccoglossus_kowalewskii
Trichoplax_adhaerens
Mizuhopecten_yesscensis
Crassostrea_gigas
Crassostrea_wirginica

P
Stylophora_pistillata
oOrbicella_faveclata
Acropora_digitifera
Centrurcides_sculpturatus
Consensus_aa:

CATARRRITR AR

Congervation:
Homo_sapiens
€308_chainD_p002
Sarcophilus_harrisii
€307_chainA_p001
Mus_musculus
Columba_livia
Apteryx_rowi

Chelonia _nmydas
Alligator_mississippiensi
Gekko_Japonicus
Pogona_vitticeps
Rhincodon_typus
Callorhinchus milii
Danio_rerio

Latimeria chalumnae
Sclercpages_formosus
Xenopus_laavis
Xenopus_tropicalis
Salmo_salaxr
Monopterus_albuse
Amphideom_queenslandica
Elysia chlorotica
Branchiostoma_belcheri
Hydra_vulgarisai=e

un_p’oiw:hnm.u
Lingula_anatina
Dendronephthya gigantea
Acanthaster_planci
Apostichopus_japonicus
Strongylocentrotus purpur
Aplysia_californica

o a_gigantea
Saccoglomsus_kowalevekii
Trichoplax_adhaezens
Mizuhcpectan_yessoensis
Crassostrea _gigas
Crassostrea_virginica
Pocillopora_damicornis
Stylophora_pistillata
Orbicella_faveolata
Acropora_digitifera
Centrurcides_sculpturatus
Consensus_aa:

Consensus ss:

116
162

116
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116
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114
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116
117
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i1
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124
122
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Conservatisn:
Home_sapiens
6308_chainD_pto2
Sarcophilus harrisii
6307_chainh p00l
Mus_musculus
Columba_livia
Apteryx_rowi
Chelonia_mydas
Alligator mississippiensi
Gakko_japonicus
Pogona_vitciceps
Rhincedon_typus
Callerhinchus milii
Danie_rerie
Latimeria_chalumnae
Scleropages_formosus
Renopus_laewis
Xenopus_tropicalis
Salmo salar

Honopte rus_albug
Amphideca_gueenslandica
Elysia_chlorotica
Branchicstoma_belche ei
Hydra_wulgarisiEp
capitella_teleta
Limulus_poalyphems
Lingula anatina
Dandronephthya_gigantea
Acanthaster_planci
Apostichopus_japonicus
Strongylocent IoTUs_purpur
Rplysia_califernica
Lattia gigantea
Saceeglogsus_kowalevskii
Trichoplax_adhasrens
Mizuhopecten yesscensis
Crassostrea_gigas
Crassostrea_virginica
Pocillopora_damicornis
Stylophora_pistillata
orbicella_faveclata
Reropora_digitifera
Cantrurcides_seulpturatus
Consensus aa;

Consensus_ 8s;

Conservation:
Homo_sapiens

6308 _chainD_p002
Sarcophilus_harrisii

6307 _chaina_p0ol
Hus_musculus
Columba_livia
Rpteryx_rowi
Chelonia_mydas
Alligator_mississippiensi
Gakko_japonicus
Pogona_vitticeps
Ehincodon_typus
Callorhinchus milii

Danie reris
Latimeria_chalumnae
Sclercpages_formosus
Xenopus_laevis
Xanopus_tropicalis
Salmo_salar
Monopterus_albus
Rmphidecs gueenslandica
Elysia_chloretica
Branchiostoma_balcheri
Hydra_wvulgarisiEP
Capitella_teleta
Limulus_polyphemus
Lingula_anatina
Dendronephthya_gigantea
Reanthaster_planesi
Apostichopus_japonicus
Strongylocentrotus_purpur
Aplysia californica
Lottia_gigantea
Saccoglossus_kowalewvskii
Trichoplax_adhasrens
Mizuhopecten_vesscensisz
Crassostrea_gigas
Crasgostrea_virginica
Focillopora_damicornis
Stylophora_pistillata
orbicella_faveolata
Acropora_d i
Centrurcides_sculpturatus
Consensus_a

241

144

158

138

183
146

224

280
280
247
235
138
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Conservation:
Home_sapiens
6j08_chainD_p002
Sarcophilus_harrisii
6307_chainA_pld01
Hug_musculus
Columba_livia

Rpraryx rowi
Chelonia_mydas
Alligator mississippiensi
Gekko_japonicus
Pogona_witticeps
Fhincodon_typus
Callerhinchus_milii
Danio_rerio
Lacimeria_chalumnae
Scleropages formosus
Xenopus_lasvis
Henopus_tropicalis
Salmo_salar
Honopterus_albus
Amphidecs_gueenzlandica
Elyzia_chlorotica
Branchiostoma belcheri
Hydra vulgarisAEF
Capitella_teleta
Limulus_polyphemus
Lingula_anatina
Dendronsphthya_gigantea
Reanthaster_planci
Apostichopus_japonicus
Strongylocentrotus_purpur
Aplysia_californica
Lottia_gigantea
Saccoglossus_lkowalevskii
Trichoplax_adhaerens
Hizuhopecten_yessoengis
Crassostrea_gigas
crasgostres virginica
Pocillopora_damicornis
Stylophora_pistillata
orbicella_faveclata
Acropora_digitifera
Centrurcides_sculpturatus
CONSensus aa:
Consensus_gs:

Homo_sapiens
£j08_chainD_p002
Sarcephilus harrisii
£307_chaina_p001
Mug_musculus
Columba_livia
Apteryx_rowi
Chelonia_mydas

Alligator mississippiensi
Gekko_japonicus
Pogona_vitticeps
Rhincodon_typus
Callorhinchus_milii
Danio_reric
Latimeria_chalunnae
Seleropages formosus
¥enopus_laevis
Xenopus_tropicalis
£alme salar
Monopterus_albus
Emphidecm cquesnslandica
Elysia_chlorotica
Branchiostoma_belcheri
Hydra_wulgarishEP
Capitella_telota
Limulus_polyphemus
Lingula anatina
pendronephthya_gigantea
Acanthaster_planci
Aposticheopus_japonicus
Strongylocentrotus_purpur
Aplysia ecalifornica
Lottia_gigantea
Saccoglossus_kowalevakii
Trichoplax_adhaerens
Mizuhopecten_yesscensis
Cragsoatrea_gigae
Crassostrea_virginica
Pogillepora_damicornis
Scylophora_piscillata
orbicella_faveolata
Acropora_digitifera
centruroides_seculpturatus 157
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Congenaus s

~PHRPOTARSLPRETHLE - ——
~LAMNG S SEYVTANT TS5 TI LOARRIQUHREGILOPTDCSDERTSNEEVTE- - - ————

--PESHSLIKE
~SFSSAMAKS -~
~LFLR=mmmmmmme

h

155

213

183
168
170
170
167
1e3
163
172
175
183
123
148
161
1e6
173
161

177
177
Iz

176

216

172
218

168
173
175
175
172
168
168
177
180
1&8
18
153
16é
im
178
16&

195
229
431

180
175
164
213
211

265
162
156
257
142
180
179
o
360
338
323
160



Chapter 10: Supplementary Information

Conservation:
Home_sapiens 178 136
§j08_chainD_p002 ] 13
Sarcophilus_hareieii 225 23z
6§07 _chainh_pl0l
Mus_musculus 175 ia2
Columba livia 180 187
Aptesyx_towi 182 188
Chelonia_mydas 175 183
Alligater migsissippiensi 179 136
Sekke_japonicus 175 182
Pogona_witticeps 175 182
®hincodon_typus 184 191
Callorhinchus_milii a7 194
i 175 132
135 142
160 167
173 180
145 182
173 180
138 ID=--PEAT-- 143
215 FIDDLEEVT=-o 222
283 | VADLOMSR-4 281
502 HIDDLDIFH- 5E9
150 4 157
147 134
130 187
381 388
2239 241
227 234
1586 157
281 HVEDLPRCI-- 297
170 HIDDLEEVE-4 175
_ 158 IDDLPAVT-- 165
lax_adhasrens 264 FIDEITIADRY 273
pecten_ w:::'.hc':'i' 156 FIOVLARME-] 163
trea_gi ias | IDDIPRIN- 19%
Crassostzea_v u:.m.c.a 147 FIDDIPRIA--] 194
Pecillepera_damicornis 347 [ IDDITLRD-- 354
S:yiephora_puaalllu 387 IDDITLED=-4 354
drbicella_faw 349 FIDDIKLFE- 356
:-uc:o;-:u.'.l_c'l 338 F IDDIKLPV-- 343
Contruroides_sculpturatus 167 fosyuiomam-4 174
Consensus_aa: “s - - - -.hppl.b. ...
Consensus_ss: hahhhhih
Unn.llrultim:' 6§67 &
apiens 187 |GELHDFI-PGTSG——-
6:03 _chainD p002 14 |GELHDFI-PGTIG-— 36
Sarcophilus_harrisii 233 |GELHDFI-FG35G-~ 268
£307_chainh_p001
Mus_susculus 183 YLAYHICDEIN: 218
Columba livia 188 |GELRDFT-PGTEG 223
150 |GELRADFI-PGTEG-— YTAYNIONEINS- 224
184 —— 184
187 YWAYHVDE INT- 222
Gekko_Jjap 183 YLVYCIQNETSF- 218
Pogona_vitticeps 183 DLAYWIPNDTHI- 217
Fhincedon_typus 192 242
Callorhinchus_milii 155 235
Danio | .E'..-, 183 |GELFDFL=PSLHG=== 212
Latiméria 143 |GDLCDFI-PGCEG--- 183
Sclerapag: 168 189
Xenopus_laws 181 212
Xenopus_tropicalis 172 183
Salmo_salar 153 218
Monopterus_albus i 1588
wenalandica 144 18
otica 223 242
282 311
570 531
158 175
155 235
188 206
359 422
242 [GRPIVDEV-IGRNG-- 262
235 |COLSDEV-PNRNG—— 253
2588 |RPLEIIR-FEVDH: 315
180 |GRLIDFV-PGOHG== 19%
glossus_kKowalevskii 166 184
ichoplax adhadrans 274 238
zuhopecten_y ensis 1&4 186
Crassostrea_gigas 196 213
Crassostrea virginica 155 212
Pocillopora_damicornis 385 412
stylophora_pistillata 211 412
orbicalla_faveolata ELY 374
Acropera_digitifera 344 361
Centrurcides_sculpturatus 175 |NDLE-FINISSENC- 204
Congensus aa:

tc-nsensut L1 H

Figure 10-3 Multiple
PROMALS3D.

sada-FH BB . BBauaan
hhhh

sequence alignment of TERB2 sequences with

The sequences with magenta names are colored according to predicted secondary
structures (red: alpha-helix, blue: beta-strand). The sequences with black names
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belong to the same taxonomic group as the nearest magenta sequence above them.
The first line in each block shows conservation indices for positions with a conservation
index above 4. The highlighted rectangles in the alignment correspond to the mouse
TERB2 N-terminal domain (violet) and MAJIN-binding site (pink). The highly conserved
motif [F/YxLxP] detected in all TERB2 N-terminal sequences is shown in the dark blue

rectangle.
Conservation: A
Homo_sapiens — - ---MSLKPFTY-PF 10
6308_chainA_p001 -SSLEPFTY-PF 10
Nu. autculuo - ~==MSLKPFTY-PF 10
anatinus ~MSLKEFSF-PF 10
p'c’yx_us-.a ---------------------------------- MSLRPFTY-PL 10
Columba_livia ~=MSLKPFTY-PL 10
Chelonia mydas 1 eecccccccccccccccccccccccscccsccsccsesrcccccccscecsanencanas MFLEKPFTY-PV 10
Alligator mississippiensi essssssssseeneneeneeeee=MVGVLKTMSLKPFTC~P¥ 17
- ~MTQVWNSEQTSLKPFTF~PV 19
odon_typus ~MPLEKAFTY~PL 10
eria chalumnae 1 =eeeeccccccccccccccccccccccrcsrcrcccrr e e e s e e e e e r e s e o) MPLKPFSY-PN 10
nchus_milii -MALKWFTY-PL 10
MATEKAGGWISEHRTSLEPFMY-PV 22
MAIQAFTF-PL 10
MPLRVFSY-PL 10
ki 10
OCA37246.1_hypothetical p 1 69
Xenopus_laevis 1 10
Elysia_chlorotica 1 10
Acanthaster_planci 1 -]
Priapulus_caudatus 1 ~MPLK~FKL~PF 9
Strongyl ntrotus_purpur 1 MSLTKFTL~PG 10
L;n’;u'.a,_ana'.;na 1 MKPFKV-PG 8
Crassostrea_gigas 1l eemccccccccccccccccccccrcccscr e ccc s s e s s e c e e e c e e e e e Mmoo DA 3
C!ll ostrea \n:qanzel 1 - S --88 3
hopecte 1 METMLFSEISI-NS 13
1 MV 2
1 MSKLETFXL-PD 11
1 -==-MLSSFNF-PG 9
1 mecscscccccccccsssssccsncrcssnnsssssssssnensnsnannnssesnsns) MSLOAFSF-PF 10
& 1 =MAFSMINF-LK 10
plax_adhaerens 1 ===MEESTL-PQ 8
Stylophora_pistillata 1 ~MPLOPFTFDKK 11
Pocillopora_damicornis 1 ~MPLOPFNFDKK 11
Orbicella_faveolata 1 ~MPLKPFTFDRK 11
Acropora_digitifera D B e MPLOHFTFDKK 11
1 - o o e e MTCSLSDFKL-PD 12
don_queenslandica 1 - 1
Consensus aa: eccecscssssssessscnacscnse cecssscssssssssccsscsscsssccccccccs M. 2P.FPh...
Consensus s
Conservation: %es ¢ ]
Homo_sapiens 11 | PETRFLRAGPNVYKFKIRYGK=====~~SIRGEEI=========~ENKEVITQELE=====m=m=m=m==| 49
6308_chaina_p001 11 | PETRFLHAGPNVYKFKIRYGK s ENKEVITQELE 43
Mus_musculus 11 | PETRFLHAGPNVYKFKIR! SIRGEEI EDKEVIVQELE 49
v.".z:h::h'.n:r anatinus 11 | SETRFLHEGVNLYKFKIRYGI SIRVEDL NEKEAVNHELE 48
Apteryx_australis_ 11 | PETRFLHAGRLVYKFKIR!' F DNTESTVKELE 49
Columba_livia 11 | PETRFLHAGRLVYKFKIC FSSVPDL- DNTERAVKELE 49
Chelonia lydal 11 | PETRFLHAGRSVYKLKIRYGN=======FLSSNDI~=========NNNETTTKELE~~ 49
Allaqa:o: llllllllppl'n.l 18 ss
20 58
11 49
11 49
11 49
23 61
11 s1
Scleropages_formosus 11 -=TDE~QVSQEIE~-~ 48
Salmo_salar 11 —emeeeMGEEFVNRELE-~~~~ = ere 49
OCA37246.1_hypothetical p 70 EHLSKEIV: 108
Xenopus_laevis 11 | PETRFFHTKKDVFRFKFHYGA~~~~~~~HFPMEDT -~~~ ====m ~QONKEYISEEIVVGTRGEVYAAAYVC 63
Elysia_chlorotica 11 | DHACLFVHNGKIFKLKILNYAD === ====HPIDPKERAD~~~FHECLSREQAHNQLE =~ =eccccncanaa S6
Acanthaster_planci 9 | ROTRLIKHDNTVYRIKLVYVT === ====SKRGSHEHI~=====LPCDAKSMOHEIE== === S1
Priapulus_caudatus 10 | PNTMIVRHEKNMIYKAKIVFRG==~==~=POODSLR~~ ==KISONDIQSEME ===~ 49
Strongylocentrotus_purpur 11 | KDCRCIVYEGKVCKIKTLMPPL~-~~~TDGTIGDY I DNKTLOEELE S1
9 | VETRLLOHNDTVYKFRICCAC: QDGVLA: VPCQQICOKELE -~ 46
4 | CRTRIMLHVNHLYKIKFYHFH: s2
4 | PKTKLILHVDHLYKIKFFHHH 47
14 | DGCCLVCHDDTVYKVKVIFGQ=~~~~~~EVRKC: 49
i 3 | TOCTSLNCSMTVD-ILVELIC~ 34
Le cheri 12 | CDTRLIRCNNTVYKFKLOYRD~~ 49
‘ap“'\.cus 10 mnxn:cssmxrvossa-------wnmtﬂ------wcwwx.mm-------------- s2
11 49
gigantea 11 | EDVRIMKYENQIYKIKISFEE- S2
lax_adhaerens 9 | SEMHLITIGNVLYKIKLFAKR- 52
12 | PDIRLVIYONTVYRIKVICRQ=~~ ~8SSNRESI RQLFLEDKNNK S0
Pocxllepoza da-acoznxl 12 | PDIRLVVYONIVYKIKVICRQ====~==SSDRESI===~=n==w===RRLFLEDKNNK=====nneuuunn L1
Orbicella_faveolata 12 | PDIRLVVYGKTVYRIKVICRK SI RKLCSEEKNNK: S0
Acropora_digitifera 12 | PDIRLVVYGHTVYKIKVICRO I ===RKL HK: S0
Hydra_vulgaris 13 | POVRLVMPGDTVYKVELLFRSAQHNGIASADSHNI FNDDXVOYDIE S8
Capitella_teleta 1 RDLE 2
Amphimedon_gueenslandica 2 38

Consensus aa:
Consensus ss:

TNDE YL SLQNINDEIV-oooooooooooo:
R R R IR R
hhhhhhhhh




Conservation:
Homo_sapiens
€308_chaina_p001
Mus_musculus
Ornithorhynchus_anatinus
Apteryx_australis_
Columba_livia

Chelonia _mydas
Alligator_mississippiensi
Gekko_japonicus
Rhincodon_typus
Latimeria_chalumnae
Callorhinchus milii
Pogona_vitticeps
Danio_rerio
Sclercpages_formosus
Salmo_salar
OCA3724€.1_hypothetical p
Xenopus_laevis
Elysia_chlorotica
Acanthaster_planci
Priapulus_caudatus
Strongylocentrotus_purpur
Lingula_anatina
Crassostrea_gigas
Crassostrea_virginica
Mizuhopecten_yessoensis
Saccoglossus_kowalevskii
Branchiostoma_belcheri
Apostichopus_japonicus
Moncpterus_albus
lottia_gigantea
Trichoplax_adhaerens
Sctylophora_pistillata
Pocillopora_damicornis
Orbicella_faveolata
Acropora_digitifera
Hydra_vulgaris
Capitella_teleta
Amphimedon_queenslandica
Consensus_aa:
Consensus_ss:

Conservation:
Homo_sapiens
€308_chainA_p001
Mus_musculus
Ornithorhynchus_anatinus
Apteryx_australis_
Columba_livia
Chelonia_mydas
Alligator _mississippiensi
Gekko_japonicus
Rhincedon_typus
Latimeria_chalumnae
Callorhinchus_milii
Pogona_vitticeps
Danio_rerio
Scleropages_formosus
Salmo_salar
OCA37246.1_hypothetical p
Xenopus_laevis
Elysia_chlorotica
Acanthaster_planci
Priapulus_caudatus
Strongylocentrotus_purpur
ingula_anatina
Crassostrea_gigas
Crassostrea_virginica
Mizuhopecten_yessoensis
Saccoglossus_kowalevskii
Branchiostoma_belcheri
Apostichopus_japonicus
Monopterus_albus
Lottia_gigantea
Trichoplax_adhaerens
Stylophora_pistillata
Pocillopora_damicornis
Orbicella_faveolata
Acropora_digitifera
Hydra_vulgaris
Capitella_teleta
Amphimedon_ quocmhndxca
Consensus
Consensus tt'

109
€4
57
52

S0
52
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S Sé é é 5SS L] 6 € S
DSVRVVLGNLD~~~NLOPFA~~TERF IVFPYKSKNER~ ~VSHLEFKH-GEIILIPYPF - ~VFTLYVEM~~
DSVRVVLGNLD =~ ~NLOPFA~~TEHF IVFPYRSKWER ~ ~VSHLKFRH-GEIILIPYPF~ ~VFTLYVEM -~
DSIRAVLANMD-~~SLOPFV=~TEHFIVFPYKSKNER~ - VSHLKFKH-GESILTPYPF~~VFTLYIEM-~
DSIRAILGNLD-~~NIQPFG~~TKNFIIFPYKSRNER-~ASHLRFKQ-REVNLIPYPF-~VLTLYVET -~

DAIRAVLGNLD=~~RLOPFT~~TEHFTIFPYRNEWER~ ~LSELOFKQ~GDRVLISYPY ~~VCTLYIEL~~
DAIRAVLGNLD=~=ALOPFT - ~TKHFTIFPYKSKNVR~ ~VSELRFKN-RNSFLTPYPY~ ~VCTLYVQV =~
GAIRAVLGNLD=~~ALQPFA~-~TVHFNIFPCILCAVF-QSNRIQFLT:
EAIRVILGNLD-~~NLCPFT--TEHLIIFPYLNKNER--VSNLRIMH-GDTFLTPYPY~~VCTIYVEL-~
NAVRAVLANLD---DLHPFT-~TONFNIFPYRRENEQ- - VSEMRFTK-ECODLIPYPF-~LITLYVEY -~
DAIRVVLANLD-~~CLOPFA-~TRHFSVFPYRSKNKR - -VSQLOFOR-GAMKLTAYPF -~ LLTLYLET -~

EVLRAVLYILERDGCIVRIQ-~TNNFIVYPTTSPWCL~~GRRIEFSV-DGKVMLCY PD~ ~CLRFRVHL -~

EAISVVLSG-~~~-NLTPVK~-TDHFI IHTERKPNKM - ~ASLLVFTE-NSRNLOTHAS - ~MLTLFVKA~~
VAVRAALEMKE -~ ~DMYPFR-~TDHEVIYPYSKENRL-~AQE IVFLH-HKKMLOTYHR-~VIIINVEV-~
DIIRAVLRIPH-~--SVDPVTLRTEHLFVOPERKEWNL -~ mrm—mxm-m-

RMITFILOHES-~~RLFPIR~~SDTFIAYPYKELWHK~~CODLSYFR-DNNRLNVSKF~~EFVLFLONI ~
DLERVVCAILNTH~DLIPVO~-~TONFVVYPYENYWET~~ HGHFLEAHKY~~SFTFYVEE~~

RERLLFSQ~
DLERVVCAILNTY~DLIPVO-~TONFVVYPYKNYWET ~ ~RERLVFSQ~HGHFLEAHKY - ~SLTFYVEE~~
DLERVICAILNTY-ELVPVE~~TDNFVVYPYENHWET - ~-RDRVLFSQ-NGOPLDAHRY - ~AFTLYVEV~~
DLERVVCAILNSD-VLVPVQ-~TDCEVVYPYKTHWET - - SDKVLFSQ-HGKALDAHPY - ~AFTMYVEE -~
RVWMEYVLYNPD-~~RIDPIH-~TDDLVIYPYXKINSN--SKKLOFSK-YDVELNTSPY -~ ~LIMFYIER-~
RVMRCVIDTRO- vmo- mxm:--mﬂm m--lﬂm'!.

PAERAIL. . .p. .!h...oephmhl..p.l....lpcl.'.p...
hhhhhhh eoccoe ecoe

T T
ecencces

ISDSPLG-~~~~ 126

103

ADDIPLE-~==~ 126

PSGRORSGFRHGGGSK~ 139

VHKGSYK=~==== 126

INKASYE-~--~~ 126

AYCCTLAE-~--~ 127

125

RDAC 138

120

119

95

EYRDESNSV--- 140

SDWNTAE====~ 128

TGDOTPVR= ===~ 126

117

~CHSRDT 180

SNPRDI 135

127

119

F~~~1SQQEGSN TIQDTI PA 124
b= = YAAKKET LEEPC ——— IQE===mmmnmnnn 126
e GGGSNGNCVIMPSERSNRPRENKMSVADKRTPODDIELPSISRP 161
~NPERSPLECKNNAESTN- - ~TTRECKTRSSSRNESROPHDELNA- 164
~~HERNSLTONADAEYSS-~~TSGRTETRASRRRGGRNLDDGISR- 157

-LSGRK. 126

S NDNITDEVT=~-~ 111

RSP DPICH: 124

QGET 121
........... PDKE. VSQHLPCVSE-~-~ 134
ICVONETLSKSNSNENLENTSTAINS - ~-NVRVSEKRLPGTESNTRTANKANE- 176
AKNKN LRS 132

120

120

120

120

121

---------- QRSP ALG! 87
107

ceeeProcscesccsessccssasccscPovcscsscssassesesssssscssccssssssenssssas
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Congervacion:
Homo_sapiens
&j08_chainh_p001
Mus_sussulus
ornithorhynchus_anatinus
Apteryx_australis
Columba_livia
Chelonia_mydas

Alligator mississippiensi
Gakko_japonicus
Rhincodon_typus
Latimeria_chalumnae
callechinchus_milii
Pogona_wvitticeps
Danio_rerioc
Selercpages_[ormodus
Salmo_salar
CChITZ46.1_hypothetical p
Xanopus_lasvia
Elysia_chlorotica
Acanthaster planci
Priapulus_caudatus
Strongylocentrotus_purpur
Lingula_anatina
Cragscstea_gigas
Crassostrea_virginica
Mizuhopecten_yessoensis
Sacecoglossus_kewalevakil
Branchiostoma_belcheri
Apostichepus japonicus
Monoprerus_albug
Lottia_gigantea
Trichoplax adhasrens
Stylophora_pistillata
Pocillopora_damicornis
orbicalla_ faveslata
heropora_digitifera
Hydra valgaris

Capitella teleta
hephizmeden gquesnslandica
Consensus
ConEensus 5

Consarvation:
Hemo_saplens
£j08_chaina p001
Mus_musculus
Ormithorhynchus_anatinag
teryx australis
Columba_livia
Chalonia mydas
Alligator mississippiensi
Cakko _japomicua
Ehincodon_typus
Latimeria_chalumnae
Callorhinchus milii
vitticaps

Scleropages_formosus
Salms_galar
OCAIT246.1_hypothetical_p
Kenspus_lasvis
Elysia_chlorotica
Acanthaster planci
Priapulug_caudatus
Strongylocentrotus_purpar
Lingula_ anatina
Crasscatrea_gigas
Crassostrea_virginica
Hizuhspecten_yeascensis
Saccoglossus_kowalewskii
Branchicstona belcheri
Apostichopus_japonicus
Monopterus_albus
Lottia_gigantea
Trichoplax_adhasrens
Stylophora_pistillata
Pocillepora_damicornis
Orbicella_faveolata
heropora_digitifera
Hydra_wvulgaris
Capitella_teleta

137
A4
27
127

138

141
12%
127
iis

162
165
158

135
iy

130

130
148
130
130
1za

139
11
1z0

147

120
125
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Conservation:
Homo_sapiens
€308_chaina_p001
Mus us
Ornithorhynchus_anatinus
Apteryx_australis_
Columba_livia
Chelonia mydas
Alligator_mississippiensi
Gekko_japonicus
Rhincodon_typus
Latimeria_chalumnae
Callorhinchus milii
Pogona_vitticeps
Danio_rerio
Sclercpages_formosus
Salmo_salar
OCA37246.1_hypothetical p
Xenopus_laevis
Elysia_chlorotica 146 SLLRENDHPSGCIQAXDKLPOAISLESDSSKIQSIPVLHTPCLGASNDARNLVPPRKRSNELEMFCEQOSI 215
Acanthaster_planci 13% eemmemmeeeeneee-YRETRSPSPPOPRIMKPSOTR -~ ~~~~-DQSL 185
Priapulus_caudatus 174 R--KPMNNVDIL ONPDLNQEDETDS~~~~~~DVASL 201
Strongylocentrotus _purpur 154 R 154
Lingula_anatina 282 A--LSSRNSRGK VNERDVAYFGRNK=~~~~~TKEKA 309
Crassostrea_gigas
Crassostrea_virginica
Mizuhopecten_yessoensis 158 RESEDREFETNSRQPKNRELERQQ-======== ~TSSROLENGVGYSGHGNLDEGHTHC ~ == ===~ RETD 210
Saccoglossus_kowalevskii
Branchiostoma belcheri 157 PRLTQANINEVLNTEYG- HLFIPPPPREVERKHIRQ------TERSV 196
Apostichopus_japonicus 147  HFFASSRELNPRLAVITRVITPRL === === ws=NAYVSONTSAS IKEYACTPRODNSENFSPEFAXRIL 206
Monopterus_albus
Lottia_gigantea
Trichoplax_adhaerens 155 scsT ARKS: KKAD 166
Stylophora_pistillata 149  GORN: 152
Pocillopora_damicornis 149 Goxx: 152

GORN

GORN:

Orbicella_faveolata 149 152
Acropora_digitifera 144 147
Hydra_wulgaris
Capitella_teleta
Anphimedon_gqueenslandica
Consensus_aa: “seessesesseeasetasreterettarEsessetasreRassatenattNsETasTsaRNRERERELT

Consensus_ss:

Conservation:
Homo_sapiens
63508_chainA_p001
Mus_nusculus
Ornithorhynchus_anatinus
Apteryx_australis_
Columba_livia
Chelonia_mydas

Alligator _mississippiensi
Gekko_japonicus
Rhincodon_typus
Latimeria_chalumnae
Callorhinchus milii
Pogona_vitticeps
Danio_rerioc
Scleropages_formosus
Salmo_salar
OCA37246.1_hypothetical p
Xenopus_laevis

Elysia_chlorotica 216 DOSAQQLHALSAVNESTRICLELNPTVRLADVMEVANATVDTSVRRSRVDPSETSEVOSCSISTTYRLRP 285
Acanthaster_planci 186 ECCOVOHRAY=--LLR RRODRVPD-~TNERCONTI-XNYHLRS 221
Priapulus_caudatus 202 MS-ATNMRIMEAVANKTRVL- SNGNCSDKTPS--CRAVQEHCL-AERATEG 247
Strongylocentrotus_purpur 15§ ee==e--KLIQEG 160
Lingula_anatina 310 NRNSEG- 325
Crassostrea_gigas 196 FXLLVERRPNSCEXVVPVMSCOQD-ETSSSSENEEDESEECSELEYNCPRIRKAAKKCOSCGDNA 259
Crassostrea_virginica 189 KHQRLPSKEVIVELSCDQD- -~ -VISSSSSENEESNSEDEVRSKQRKKKEMACKSQFAGDWM 249
Mizuhopecten_yessoensis 211 NRELORRELORRNCYAREQENKETVSK====-CRNRTASSDSEDOOLESRR-~CLRRSARISDISSKEID 273
Saccoglossus_kowalevskii
Branchiostoma belcheri 197 RTCEREAVDOSKELPVI=-vcccccsccccccccnnnnnnee=QADETP- 219
Apostichopus_japonicus 207 SDIATCQL VOQPAANT- PFSILONRRRV==ecemceecenaxn AVER 240
Monopterus_albus 160 DEI 162
Lottia_gigantea 246 KVVKETEXTORLPRNE 261
Trichoplax_adhaerens 167 ~CORGEK: OQLPGALE 180
Stylophora _pistillata
Pocillopora_damicornis
Orbicella_faveolata
Acropora_digitifera
Hydra_vulgaris
Capitella_teleta
Amphimedon_queenslandica
Consensus_aa: B TR

Consensus_ss:
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Conservation:
Heme_saplenas

6308 _chainA_p001

Mus culus
ornithorhynchus_anatinuas
Aptaryx_australis
Colusba_livia
Chelonia_mydas
Alligator_misslssipplensi
Gakko_japonicus
Rhincodon_typus
Latimeria_chalumnae
Callorhinchus milii
Foq-:nl_v:ittireps
Danic_recic
Sclercpages_formosus
Salmo_salar
OCAITI4E. 1 _hyporhatical _p
Eenopus_lasvis
Elyeia_chlozotica
Acanthaster_planci
Priapulus_caudatus
Strangyloce Erotus_purpur
Lingula_anatina
Crasscstrea_gigas
Crassostrea_virginica
Nit-l'!#}ﬁ*#‘&n YegEoensiE
Saccoglossus_kowalewvskii
Branchicstoma_belcheri
Apostichopus_japonicus
Honoptasus_albua
Lottia_gigantea
Trichoplax_adhaerens
Stylophora_pistillata
Pocillopora damicornis
Orbicella_faveolata
Acropora_digitifera
Hydea walgaris

Capitella telsta
A.-:ph:imd.cm_qu:oﬂ-nt'.and:ca
Consensus_aa
Conaanaus

Conpervation:
Homo_sapiens
&508_chaina_p001
Mug_museulus
Srnithorhynchus_anatinus
Apteryx_australis_
Columba_livia

Chelonis _mydas
Rlligator_mississipplensi
Gakko_japonicus
Rhincodon typus
Latimeria_chalumnas
Callerhinchus milii
Pogona_vitticeps
Danioc_raric
Scleropages_[oraosus
Salmo_salar
OCA3ITI46.1_hypothetical p
¥ancpus_lasvis
Elysia_chlorotica
Achnthaster planci
Priapulua_caudatus
Strongylocentrotus purpur
Lingula_anatina
Crassostrea_gigas
Crassostrea_virginica
Mizvhopecten_yesscensis
Saccoglossus_kowalevskii
Srar_ch'.ual:w_helchezi
Apostichopus japonicus
Monoprerus_albus
Lottia_gigantea
Trichoplax_adhasrens
Stylephora_placillata
Focillopora_damicornis
Oebicells_faveolata
Acropora_digitifera
Hydra_sulgaris
Ci;’}l!&.:l_:&].a'.ﬂ
Amphimedon_gquesnslandica
Consensus aa;
Congensus_sg:

Chapter 10: Supplementary Information

157 mmmmsmmmmeesemmmemseee s e e e e BRAR = e e
e HRAR- ===

177

1€2

162

176 CHEREY--
i = S
L CHRL--

175

163

159
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Figure 10-4.-Multiple sequence alighment of MAJIN sequences carried out
using the PROMALS3D.

The sequences with magenta names are colored according to predicted secondary
structures (red: alpha-helix, blue: beta-strand). The sequences with black names
belong to the same taxonomic group of the nearest magenta sequence above. The first
line in each block shows conservation indices for positions with a conservation index
above 4. The highlighted rectangles in the alignment correspond to the mouse MAJIN

N-terminal domain (blue) and TM domain (in dark green).
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Figure 10-5 Hydra Vulgaris MAJIN transcript model.

Schematic representation of the blastn performed with transcript model of hydra
vulgaris XM_012708399 vs independent cloning sequences obtained after amplification
and sequencing of Hydra vulgaris AEP Majin, shown at the right side of the panel. The
horizontal green lines are the regions with > 90 % identity between query and the
respect sequences analyzed. The primers used for hydra Majin are shown in fuchsia
and the coding region of the transcript is depicted in yellow while the whole mRNA
prediction is in dark green. After the amplification we obtained a 735 bp sequence

corresponding to 186 amino acids residues.

0 1000 1300 20m 23 3000
T 1 i 1 T 1

Terd1_FL_Fwd Terb1_WMIH_Rev,
[ExonS n?
4

Exon1 Terd1_RT_Fwd Exor Terd1_WMIH_Rev
on2  Eond Eon 1ons lmm;.-aw;».n Terd1_RT_Rev Exons
Il BN by o 4

GGKFO1021594.1

HyTERB1_RGACLO019_R402-02-18
HyTERB1_RGAOLO019_R402:02-18
HyTERB1_RGAGLO019_R402-02-18
HYTERB1_RGAOLO019_R402-02-18

SeqFTerb1_1800_29-01-18

SeqFTerb1_1800_29-01-18 -
SeqFTerb1_1600_28-01-18
SeqFTerb1_1800_29-01-18
HyTERB1_22376_F02-02-18
HyTERB1_22376_F02:02-18
HYTERB1_22376_F02-02-18
H)TERB1_22376_F02-02-18
41728214500
41728214500

41725214 50q

41725216 50q

41725216 58q
41725216.58q

41725216 580

41775294 589 T
41775284 5eq
41775284 580
41775204 seq
41775294 seq
SeqRTerb1_1800_29-01-18
SeqRTerb1_1800_29-01-18
SeqRTerb1_1800_29-01-18
S8qRTerb1_1800_29-01-18

Figure 10-6 Prediction of the full open reading frame of Hydra Vulgaris
TERB1

Schematic representation of the blastn performed with the assembled transcript
sequence GGKF01021594 as query vs independent cloning sequences obtained after
amplification and sequencing of hydra vulgaris AEP Terbl shown at the right side of
the panel. The horizontal green lines are the regions with > 90 % identity between
query and the respect sequences analyzed. The assembled transcript sequence
GGKF01021594 was annotated with the primers (fuscia) used in this analysis and the
exons (green) from the genomic reference sequence (GenBank ID: NW_004171015).
The predicted ORF sequence of hydra Terbl was obtained combining all the sequence

in 2218 bp which correspond to 738 amino acids residues.

166



Chapter 10: Supplementary Information

i i

HiTerm2_FL_Fwe HyTers2_RTAVME_Fwd

‘ Ex0n3 HyTerd_FL_Rev
e HyTert2_RTMVMIH_Rev Exons Erons Exon7

GEV201007256.1 TSA 1 .

Exon1
fxon2 IE |
Hydra wigans ) i S = =

41725220 e

Figure 10-7 Prediction of the full open reading frame of Hydra Vulgaris
TERB2

Schematic illustration of blastn performed with the assembled transcript sequence
GEVZ01007256 as query vs HAEP_T-CDS_v02_7622 (transcript sequence from Hydra
vulgaris AEP Compagen database) (blue brackets) and the independent cloning
sequences obtained after amplification and sequencing (red brackets) of Hydra vulgaris
AEP Terb2, shown at the right side of the panel. The horizontal green lines are the
regions with > 90 % identity between query and the respect sequences analyzed. The
assembled transcript sequence GEVZ01007256 was annotated with the primers
(fuchsia) used in this analysis and the exons (green) from the genomic reference
sequence (GenBank ID: NW_00417053). The predicted ORF sequence of hydra Terb2
was obtained combining all the sequence in 2134 bp corresponding to 591 amino acid

residues.

167



Affidavit

Affidavit

I hereby declare that my thesis entitled: , Investigating the murine meiotic
telomere complex TERB1-TERB2-MAJIN: spatial organization and evolutionary
history” is the result of my own work. I did not receive any help or support from
commercial consultants. All sources and / or materials applied are listed and

specified in the thesis.

Furthermore I verify that the thesis has not been submitted as part of another

examination process neither in identical nor in similar form.

Besides I declare that if I do not hold the copyright for figures and paragraphs,
I obtained it from the rights holder and that paragraphs and figures have been
marked according to law or for figures taken from the internet the hyperlink

has been added accordingly.

Wirzburg, den 20 May, 2020

Signature PhD-student

168



Peer-reviewed articles

Peer-reviewed articles obtained in this thesis

da Cruz, 1., Brochier-Armanet, C., & Benavente, R. (2020). The TERB1-
TERB2-MAJIN complex of mouse meiotic telomeres dates back to the common

ancestor of metazoans. BMC Evolutionary Biology, 20(1), 1-11.

Dunce, J. M., Milburn, A. E., Gurusaran, M., da Crugz, I., Sen, L. T,,
Benavente, R., & Davies, O. R. (2018). Structural basis of meiotic telomere
attachment to the nuclear envelope by MAJIN-TERB2-TERB1. Nature

communications, 9(1), 5355.
Others peer-reviewed articles

da Cruz, I., Rodriguez-Casuriaga, R., Santinaque, F. F., Farias, J., Curti,
G., Capoano, C. A,, Folle, G. A., Benavente, R., Sotelo-Silveira, J. R., Geisinger,
A. (2016). Transcriptome analysis of highly purified mouse spermatogenic cell
populations: gene expression signatures switch from meiotic-to postmeiotic-

related processes at pachytene stage. BMC Genomics,17(1),294.

169



Acknowledgments

Acknowledgments

The Ph.D. journey has been a truly life-changing experience for me, and it
would not have been possible without the support I have received from many
people.

Firstly, I owe my deepest gratitude to my supervisor Prof. Ricardo Benavente
for his support and encouragement to undertake this Ph.D. abroad. Also for
accepting me as a Ph.D. student in his group and to be part of exciting projects
and collaborations. His guidance and freedom helped me to frame my research
and have been the backbone of my professional growth.

I am indebted to my collaboration partners Owen Davies and Céline Brochier-
Armanet with whom the publications of the work performed in this thesis would
not have been possible to accomplish. Thank you also for the learning
experience and fruitful discussions along the process.

I would like to thank Prof. Manfred Alsheimer for generous advice in
experimental design and for constructive insights that helped me to improve
the quality of my research.

Special thanks to my second supervisor Prof. Christian Stigloher for his time
dedicated in taking over my thesis reports and for his support and advice.

This work would not have either been accomplished without the technical
support of Elisabeth Meyer-Natus who took very good care of the hydra culture
and without Marcus Behringer for his assistance in the acquisition of the images
with SIM microscope.

I would also like to express my gratitude to Ines Subouta, Brooke Morriswood,
and Elena Bencurova who have contributed to proof-reading my work and for
receiving valuable remarks and honest criticism.

I would like to express my faithful thanks to all my dear colleagues from Zoology
I. Being part of the Department was always a joy and inspiration for me. Thank
you all for being so generous and attentive.

There are no words great enough to thank my colleagues Marie-Christin
Splinder who have unwavering supported me. Thank you for being the face in
the audience when I was nervous and for the long talks, laugh and fun in the
lab.

170



Acknowledgments

I gratefully acknowledge the funding support from the DAAD scholarship that
allowed me to pursue my biggest ambitions to obtain a doctoral degree abroad.
Finally, I am deeply grateful for the unconditional support and infinite love of

my family and friends to pursuit my dreams on this journey.

171



