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Zusammenfassung

Zusammenfassung

Innerhalb der Meiose sind Proteine de Chromosomenachse wichtig fur das Mhitoring
der Chromatinstruktur und dessen Kondensation, sowie fur die Paarung und Trennung
der Chromosomenund fur eine fehlerfreie Rekombination.Zu diesen Proteinen zahlen
HORMAdomain Proteine, Proteine des DNAReparatur-Systems und des
synaptonemalen Komplexessowie Kohasine und Kondesing&Jm mehr tber ihre Rolle in
der Formgebung meiotischer Chromosomen zu erfahren, ist es unabdingbar ein genau
definiertes Modell tUber ihre molekulare Arditektur zu erstellen. Bis jetzt wurde ihre
molekulare Organisaton mit konventionellen Methoden wie dem konfokalen Laser
ScanningMikroskop (CLSM) und dem Transnssionselektronenmikroskop (TEM)
untersucht. Beide Techniken sind jedoch entweder in ihrer Auflésung odeihrer
Lokalisationsgenauigkeit beschrankt, wodurch viele Daten zur molekularen
Organisation der Chromosomenachse noch nicht erfasst werden konnterDie
vorliegende Arbeit untersucht mit isotropis cher Auflésungdie molekulare Struktur des
synaptonemalen Komplexes (SC) der Maus urdie Lokalisation seiner Proteine, sowie
die Lokalisation von drei Koh&sinen, was neue Einsichten in deren Architektur und
Topographie auf der nanomolekularen Ebeneerbrachte. Dies gelang durch die
Verwendung von Immunfluoreszenzmarkierungen in Kombination nt hochauflésender
Mikroskopie, Linienprofilen und durchschnittlicher Positionsbestimmung. Es konnte
gezeigt werden, dass der murine SC eine Weite von 221,6 nm & é&m besitzt, inklusive
einer 148,2 nm = 2,6 nm weiten zentralen Region (CRnnerhalb der CRkonnte eine
mehrschichtige Anordnung der Proteine des zentralen Elements (CEg&téatigt werden.
Dies gelangindem ihre Strangdurchmesser undzabstande gemessenvorden sind und
zusatzlich potentielle Bindestellen von SYCP{synaptonemal complex protein 1)an den
lateral Elementen des SCs (LEg)bgebildet werden konnten.Zusatzlich konnte gezeigt
werden, dass die beidenLE Proteine, SYCP2 und SYCPS3, kolokalisierddabei zeigte
SYCP?2 &ine praferentielle Lokalisation im inneren Bereich derLE.

Die Ergebnisse der vorliegenden Arbeit deuten auf eine organisierte Anordnung der
murinen Kohasin Komplexe (CCsgntlang der Chromasomenachsein Keimzellen hin
und unterstitzen die Hypothese, dass Kohasine innerhalb der CR des SC eine Funktion
unabhangig der von CCs haben.

Schlussendlich konnten neue Informationen zur molekulanre Anordnung von zwei
wichtigen Komponenten der murinen @Gromosomenachse mit einer Prazision im

Vi



Zusammenfassung

Nanometerbereich gewonnen werden und bisher nicht bekannte Details ihrer

molekularen Architektur und Topographieaufgedecktwerden.

VI



Summary

Summary

During meiosis proteins of the chromosome ad are important for monitoring
chromatin structure and condensation,for pairing and segregation of chromosomes, as
well as for accurate recombination.They include HORMAdomain proteins, proteins of
the DNA repair system, synaptonemal complex (SC) proteinsgondensins and cohesins.
To understand more about their functionin shaping the meiotic chromosomeit is
crucial to establish a defined model of their molecular architectureUp to now their
molecular organization was analysed using conventional methods, like confocal
scanning microscopy (CLSM) and transmission electron microscopy (TEM)
Unfortunately, these techniques are limited eitherby their resolution power or their
localization accuracy. In conclusia, a lot of data on the molecular organization of
chromosome axis proteins stag elusive. For this thesis the molecularstructure of the
murine synaptonemal complex (SChand the localization of its proteins as well as of
three cohesirs was analysedwith isotropic resolution, providing new insights into their
architecture and topography on a nanoscale level. This was done using
immunofluorescence labding in combination with super-resolution microscopy, line
profiles and average position determinaton. The results showthat the murine SChasa
width of 221.6 nm £ 6.1 nm including a central region (CR) of 148.2 nm + 2.6 nin the
CRa multi-layered organization of the central element (CE) proteinsvas verified by
measuring their strand diameters and strand distances and additionally by imaging
potential anchoring sites of SYCPIsynaptonemal complex protein 1)to the lateral
elements (LEs).We were able to show that the two LEs proteins SYCP2 and SYCP3 do
co-localize alongside their axis and that thex is nosignificant preferential localization
towards the inner LE axisof SYCP2.

The presented resultsalso predict an orderly organization of murine cohesin complexes
(CC$ alongside the chromosome axisn germ cells and support the hypothesis that
cohesins in the CR of the SC function independent of CCs.

In the end new information on the molecuar organization of two main conponents of
the murine chromosome axiswere retrieved with nanometer precision and previously

unknown details oftheir molecular architecture and topographywere unravelled.



Introduction

1. Introduction

1.1 Spermatogenesis of mice

Gametogenesis is the formation of gametes inside the gonads of sdkuaeproducing
organisms.For males this process isalled spermatogenesis and takes place inside the
tubuli seminiferi contorti of male testes (Figure 1). The convoluted tubuli seminiferi
contorti as well as thestraight tubuli seminiferi recti are part of the seminiferous
tubules, which lie embedded in the interstitium and are surrounded by mesenchymal
cells. The interstitium consists ofthe contractile myoid cells,connective tissue, nerves,
blood and lymphatic vessels, macrophages and steroid producing leydig cellhetubuli
seminiferi contorti consist of the seminiferous epithelium,which is made up of somatic
sertoli cells and germ cells. Sertoli cells are polymorph cells, which stabilize the
seminiferous epithelium, nourish the germ cells and monitor spermatogenesisihey
also connect the interstitium with the seminiferous epithelium. The tubuli seminiferi
recti do not contain any germ cells and connect the tubuli seminiferi contorti with the

rete testis.

Ductus vas deferens—)} Epididymis

Tubuli seminiferi recti

. Tubuli seminiferi contorti
Rete testis

Figure 1: Cross-section of mammalian teste s.
Spermatogenesistakes place inside the tubuli seminiferi contorti, which lie within the
testes. Figure from Cooke and Sanders 2002.

Inside the tubuli seminiferi contorti the vectorial process ofspermatogenesisstarts at
the tubus baseand is directedtowards the lumen(Figure 2). It is divided into the mitotic

phase, the meiotic phase and the posheiotic phase.The mitotic phase in males starts

1
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with spermatogonia, whichare embedded at the tubus baseTheycan either proliferate
and produce more undifferentiated A (single)-spermatogonia stem cells or A
spermatogonia,which pass through several mitotic divisions and stay in contact with
each other through cytoplasmic bridgesdue to unfinished cytokinesis(Oakberg, 1971)
After the first mitotic division Ay (paired) spermatogonia are produced. £ cells divide
further into Aa (aligned) spermatogonia, consisting of 4, 8 or 16 celiduckins, 1971 a;
Huckins, 1971 b) Aas-spermatogonia are the first differentiating germ cell. They
differentiate into Ai-spermatogonia, which successively divide five times into A, As, A,
intermediate and B- spermatogonia(Huckins and Oakberg, 1978) B-spermatogonia are
the last mitotically dividing male germ cells, which differentiate into primary
spermatocytes. Primary spermatocytesthen divide meiotically to form secondary
spermatocytes, which subsequently dividaneiotically into four spermatids. During the
following post-meiotic process of spermiogenesis, spermatids differentiate into
spermatozoa, which are released into the tubus lumeand afterwards transported into
the epididymis (Figure 2) (de Rooij and Grootegoed, 1998; Oakberg, 1956.a)
Altogether spermatogenesis of male mice takes approximately 35 days and slightly
varies between different strains(Oakberg, 1956 b)

Type B . Type A2
Spermatogonlum Sperlnatogonium

Sertoli cell Myoid cell

spermatogonium
= Primary spermatocyte
Secondary spermatocyte

Residual Spermatid

body

Figure 2: Overview of mammalian spermatogenesis.

The vectorial process of permatogenesis takes place inside the tubuli seminiferi
contorti of the testis. It is directed from the tubus base towards the lumen. Figure from
Gilbert S.F(2000): Developmental Biology, third edition.
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1.2 Meiosis

Sexually rgroducing diploid organisms halve their chromosome number during a
specialized form of cell division, called meiosis. It leaddo the formation of haploid
gametes which are usedfor reproduction. During the process offertiliz ation one male
and one female gamete fusento a diploid zygote, which then matures into a diploid
organism. Mutations in meiosis specific genesan lead to various diseases concerning
the reproductive system like aneuploidy, sterility and embryonic death. Since inmale
mice mutations usually lead to sterility, whereas females are still fertile, the raiotic
control mechanisms clearly vary between the genders and seem to be more strictly
regulated in males(Morelli and Cohen, 2005)

Another type of cell division is mitosis, which leads to the production of twaliploid
daughter cellsoriginating from one diploid parent cell. It can be found in somatic cells.
Meiosis differs from mitosis in several aspects. Firstit only takes place in gonadgtestis
and ovary). Whereas nitosis leads to the formation of two genetic identical diploid cells
meiosis produces four haploid cells with different genotypes. This is achievethrough
recombination and random segregation ofparental chromosomes This way, meiosis
provides genetic diversity to the genomigoool of a population.

Before cells enter meiosighey are in interphase whichis divided into gap phase 1 (G-
phase),synthesis phase (§hase) andgap phase 2 (G-phase. During G;-phasethe cell
grows and cellular components are duplicated Subsequently the genetic material is
replicated during S-phase. Each chromosome is then made up of two sister chrondsi
During the following second gap phasehe cell grows further, synthesizes proteins
checks for errors and repairs them before moving on teéhe meiotic phase (Mphase).
During M-phase the cell separatestwice during meiosis | and meiosis Il, without an
additional replication step. Meiosis lis a reducing divisionduring which the homologue
chromosome pairs are sepaated. It also includes recombination steps, which are
important for the formation of unique haploid cells. Meiosis llon the other hand
resembles mitosis andis an equatorial division during which the chromatids are
randomly pulled to different cell poles again contributing to genetic divesity. In the end
of female gametogenesis one big ovum and thresnall polar bodies which are going to
be discarded,are formed. The ovum is the female gamete angrovides mitochondria

and other cell organelles as well as nutrients for thembryo. Male meiosis leads to the
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formation of four sperm cells eachconsisting of a tail for mobility and a head, which is

mainly composedof the haploid cell nucleusand haslittle cytoplasm.

Prophase I: Leptotene Prophase I: Zygotene Prophase I: Pachytene

Nuclear envelope Centrosome with centrioles Bouquet Synaptonemal complex

/ Chromatin / / Centromere
1= /
, -

> @'m\

Prophase I: Diplotene & Diakinesis Metaphase | Anaphase | Telophase [

Microtubules

P

Homologous chromosomes

Chiasmata

\I e o /\ QYA (A
A N \/
Chromatid -

Figure 3: Overview of mammalian meiosis.
During meiosis the cell successively divideswice after one round of DNA replication
producing four genetically uniquehaploid gametes.

Meiosis | and Il are each divided into prophasemetaphase, anaphase and telophase
(Figure 3). The longest and most important phase is prophase | of meiosis | during
which pairing and synapsisof homologous chromosomes tak@lace and DNA segments
between non-sister chromatids are exchanged.Prophase | isdivided into leptotene,
zygotene, pachytene, diplotene and diakinesi@=igure 3). Femaleoogoniastart meiosis
during the embryonic developmentand rest at the diplotene stage before birthcalled
the dictyotene stage. Beginningt puberty, female gametegoocytes) successively start
to continue with meiosis during ovulation. Male gametes (spermatocytes) start meiosis
at puberty and do not arrest.Instead they develop gradually in the tubuli seminiferi

contorti.
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Each meiotic stage is characteried by certain structural and proteomic changesin the
beginning of prophase |chromatin is still organized into long thin chromatid filaments.
During leptotene sveral specialized proteins start to mediate morphological changes
and ohesins and condensinsbegin with the condensation ofchromatin into a more
compact form. This is important for subsequent recombination processesand the
segregationof chromosomes Additionally, proteins of the axial elements (AE) start to
assemble along the chromosomexes (Eijpe et al., 2003) Kinetochores are formed on
the centromeres ofchromosomes. They are important anchoring sites for the spindle
apparatus and important for correct segregation of homologues chromosomealso, the
telomeres attach to the mner nuclear envelop via attaciment plates (Liebe et al., 2004;
Scherthan et al., 1996; von Wettsteir1,984).

During the following zygotene stage chromatin condenses further and the attached
telomeres move towards the cell pole opposite of the centrosome here they meet,
forming the bouquet structure (Figure 4). During this formation the chromosome axes
extend into the interior of the nucleus(Scherthan et al., 1996; Zickler and Kleckner,
1998). The bouquet structure is an important feature of meiosis which allows the
homologue chromosomes to get intoclose vicinity of each other to pair, synapseand
recombine (Page and Hawley, 2003) Additionally, the AEs become the lateral elements
(LEs) of the SC, bygetting connected in a zippetlike fashion by transversal filaments
(TFs) (Fawcett, 1956; Moses, 1956)At the end of the zygotene stage the bouquet
disassemblesbut the telomeres stay attached to the nucleaenvelope (Scherthan et al.,
1996; Zickler and Kleckner, 1998)

Centrosome

—— Transversal filaments
Lateral element

Figure 4: Bouquet formation of chromosomes during zygotene.
During zygotene of prophase I, telomeres polarizat oneside of the nucleusopposite the
centrosome and fomologous chromosomes start to aligmand synapse.
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During the pachytene stage of meiosisdll chromosomes are highly condensed and are
visible in conventional light microscopes as thick threads (bivalents)All chromosomes
are synapsed andhe XY-body is visible. The X¥body is a heterochromatic structure of
the X and Y chromosome, which itargely transcripti onally inactive. In the X¥-body
synapsis only takes placein pseudoautosomal regions(PAR), because of thelack of
homologous regions(Handel, 2004; Solari, 1974)

After the long pachytene stage of prophasediplotene follows. During diplotene the SC
starts to disassembleand the homologues separate, with exception to regions where
recombination took place. Here, the homologues stay connected by chiasmata
(Creighton and McClintock, 1931; Henderson, 1970This means that evey homologues
has to recombine at one locus minimum for correct segregation The following
diakinesis stageis the transition phase from prophase | to metaphasd. Here, the
chromosomes condense even furtheand chiasmataand all four chromatids are visible
as tetrads Also the spindle apparatus is formednd the nuclear envelope disassembles.
In metaphase | the bivalents arrange themselves in the equatorial planeand
microtubules of the spindle apparatus proliferate towards the chromosmes and bind
their kinetochores. The mono-orientation of sister-kinetochores results in the
separation of homologous chromosomes during anaphase | and their random
segregation towards the twospindle poles (Page and Hawley, 2003)Sister chromatids
stay attached by cohesinsat the centromere region whereas ohesins in the
chromosomal axes region were cleavedoy the protein separasepreceding segregation.
Also cytokinesis begins.The last phase of meiosis | is telophase |. Hera, nuclear
envelope assembles around each chromosome set and cytokinesis forms the two
originating daughter cells The result of meiosis | aretwo haploid cells with two
chromatids (1n 2c).

During the subsequent meiosis I, cells undergo a mittic cell division, without a
preliminary DNA replication. In conclusion, the two sister chromatids are separated
during anaphase ll, leading to four haploid cells with one chromatidln 1c). During

meiosis Il no reconbination processes take place.
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1.3 The synaptonemal complex

The synaptonemal complex (SC) is na
evolutionary well conserved multiprotein
complex, which plays an important role in
mammalian meiosis. It is necessary for
synapsis, recombination and correct
segregation of homologue chromosoms
during prophase | of meiosisl. Mutations

of SC proteins lead to dysfunctional . f 4 »
' Lateral element

meiosis, aneuploidy, decreased fertility,

P
sterility and embryonic death. Figure 5: TEM image of the SC.

The SCwas more or less simultaneously ~ransmission electron microscopy (TEM)
_ . . _ image of the synaptonemal complex (SC
discovered for the first ftime in  taken from pigeon spermatocytes Figure

from Fawcett 1956.

spermatocytes of pigeons, cas, humars
and crayfishsin 1956 using electron microscopy(Figure 5) (Fawcett, 1956; Moses,
1956). EM imaging of the SC has shown th#thas a ladder-like structure with two LEs
forming the ladder pillars. In between them is the central regionCR), wheretransversal
filaments (TFs) form the rung of the ladder am connect the two LEs (Figure & In the
middle of the CRlies the central element (CE)(Figure 5, Figure6). On each site of the
LEschromatin of the homologows chromosomesis bound, thereby connecting the two
parental chromosomes (Figureb).
T«\‘"?\‘"?«“"?i“'??‘ AR
WA

LE Dimer

CR

Figure 6: Model of the mammalian synaptonemal complex.

The mammalian synaptonemal complexSC)has a ladderlike structure, with two lateral
elements (LES) consisting of SYCP3 and SYCP2 and a central regi@R) made up of
SYCP1, TEX12 and SYGBIParentalchromatin is bound to the LEsFigure from Fraune
et al. 2012.
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The assembly of the SC startsady in prophase |, during leptotene when synaptonemal
complex protein 3 and 2 SYCP2 and SYCP®rm the AEsalongside the chromosome
axes. During zygotene,the TFsbuilt a connection betweenthe two AEs (Lammers et al.,
1994; Meuwissen et al., 1997; Offenberg et al., 1998)his process is called synapsis.
Thereby the AEs become LEs and the TFs bridge the CR between th{€mgure 6). The
TFs are formed by SYCRB homodimeric protein, the N-termini of which lie in the
central element ofthe SC andvhose Gtermini are said to locatein the lateral elements
(Liu et al., 1996; Meuwissen et al., 1992)In the CR the Nermini of opposing SYCP1
proteins do interact with each other(Liu et al., 1996) The CE is additionallymade up of
the synaptonemalcomplex central element proteins 1-3 (SYCE1, SYCEAhd SYCE3and
TEX12 (testis expressed 12) During diplotene the SC starts to disassemble again,
beginning with the CR(Jordan et al., 2012; Parra et al., 2003)

1.3.1 Proteins of the murine synaptonemal complex

Proteins of theSCwere first described in 1987 using immunocytochemical techniquesas
well as light microscopic and ultrastructural techniques(Heyting et al., 1987) In 1989
SCswere isolated from rat spermatocytes andthe main SC proteinsSYCP3SYCP2 and
SYCPwere biochemically and morphologically analysedHeyting et al., 1989) Further
molecular analyses of those proteins were conducted by Meuwissenet al. (SYCP1),
Offenberget al. (SYCP2) and Lammerst al. (SYCP3)YLammers et al., 1994; Meuwissen
et al., 1997; Offenberg et al., 19981 few years later the CE proteins were characterized
by Costa et al. (SYCE1 and 2), Hamer et al. (TEX42) Schramm et al. (SYCEBosta et
al., 2005; Hamer et al., 2006; Schramm et al., 201Today several SC proteins of
different model organisms, including M. musculus R. norvegicus,C. elegansand D.

melanogasterare known and characterized.

SYCP3
SYCP3 ione of the best characterized SC proteins. tan be detectedfor the longest

time during meiosis, starting in leptoteneuntil metaphase | During leptotene it is part of
the AEs, which later on in prophase | become the LHs. metaphase lit still locatesaxial

to the chromosomes andto the centromere region but becomes absent afterwards
(Dobson et al., 1994; Lammers et al., 1994; Page and Hawley, 2003)
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The aminoacid sequence of SYCHS generally preserved between mammals but there
are speciesspecific differences(Botelho et al.,, 2001; Klink et al., 1997)Whereat in
mouse and rat there are two isoforms of SYCR@th a molecular mass of 30 and 33 kDA
other organisms like human and hamsteronly have oneof 30 kDa(Botelho et al., 2001;
Dobson et al., 1994; Heyting et al., 1987; Lammers et al., 1994; Miyamoto et24Q3). In
mice the protein is 254 amino acids longvith AT -helical domain on its Gterminus,
which is typical for the formation of coiled-coil structures (Alsheimer et al., 2010;
Botelho et al, 2001; Lupas et al., 1991; Tarsounas et al., 199)is flanked by two non
helical domains, which contairthe highly preserved motives CMI(N-terminus) and CM2
(Gterminus). Those regions are important for the structural organization of the protein.
SYCP3 canseO E Ahelical domainfor interacting with itself in a homophilic protein-to-
protein interaction (Tarsounas et al., 1997; Yuan et al., 1998Jhe low evolutionary
preserved N-terminus of SYCP3 varies irsize between different species and therés a
potential nuclear localization signal (NLS) and a motif A, a typical structure for
nucleotide binding proteins. Distributed over the whole SYCP3 protein there are many
potential phosphorylation sites: One for acATP or cGMP dependent kinas@eramisco
et al., 1980) five for casén kinase Il (Pinna, 1990) and four for the protein kinase C
(Kishimoto et al., 1985) The phosphorylation state of SYCP3 might play a role in its

dynamics during meiosis(Tarsounas et al., 1999)

SYCP?

The other main protein component of the AEs/LEsis SYCP2lt can be detected as early

as SYCP3on the chromosome axisand starts to dissolve from them during diplotene.

From the centromere regionit dissolves later, after metaphase | The murine SYCP4s

1500 amino acids longand hasa molecular mass of 19&Da (Heyting et al., 1989; Wang
et al., 2001) It contains two clusters of S/T-P motifs, which are potential target sites for
the p34cde2 protein kinase (Offenberg et al., 1998) It also has eight potential targesites

for a cAMP/cGMP dependent kinas@Offenberg et al., 1998)

SYCP1

In mice the homodimeric protein of the TFs, SY&, is a 993amino acids long protein

with a molecular weight of 125 kDa(Heyting et al., 1989; Meuwisse et al., 1992; Sage et

al., 1995) Its molecules areorganized in parallel homodimers with the same polarity.
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Recruitment of SYCP1o the SC begingduring zygotene after the AEs have formed,
(Dobson et al.,, 1994; Meuwissen et al., 1992)ts displacement starts during late
pachyteneand continues until the end of diplotene(Dobson et al., 1994; Meuwissen et
al., 1992; Tarsounas et al., 1999)SYCPEEAO A 1 1 1 -gelicdl Adm@w) Avhich |
forms a caled-coil structure and is surrounded by two globular ends(Dobson et al.,
1994; Meuwissen et al., 1992) In the central | -helical domainthere is a DNAbinding
motif in form of a leucine-zipper and also several potential target sites for cCAMP/cGMP
dependent protein kinases and one for a tyrosine kinaséMeuwissen et al., 1997)lts G
terminus has several DNAAET AET ¢ | T OHfmdEdanddpiotentiaf thr@et sjtes for
the p34cde2protein kinase and also a putative NL8Vieuwissen et al., 1997; Meuwissen et
al., 1992) Overall there are 12 potential target sites for the protein kinase C distributed
over the complete protein. Different phosphorylation states of the protein might be

important for SC asembly and disassemblfMeuwissen et al., 1997)

CE proteins
In the CE of the murine SC fourifferent proteins are located.SYCE138 kDa) which is

329 amino acids longand hasfour potential coiled-coil domains (Costa et al., 2005)
SYCEZ19 kDa) which is171 amino acidslong and hasone potential coiled-coil domain
(Costa et al., 2005)SYCE312 kDa) which is 88 amino acids long and one coiled-coll
domain as well astwo putative sites for phosphorylation (Schramm et al., 2011)and
TEX12(14 kDa) which is123 amino acids longHamer et al., 2006)

1.3.2 Interplay of synaptonemal complex proteins
It is known that SYCP3 binds SYCHRPélttari et al., 2001; Schalk et al., 1998)For this
interaction the coiled-coil domain on the Gterminus of SYCP2 is essentigDffenberg et
al., 199B; Yang et al., 2006) It is also said thatSYCP2 connestSYCP1with SYCP3
(Offenberg et al., 1998; Winkel et al., 2009The N-terminus of SYCP1 seems to recruit
more CE spedic proteins, like SYCEL1 and SYCHB, the SC(Costa et al., 2005)It has
been shown thatSYCElinteracts with itself, the N-terminus of SYCP1 and witt8YCE2
and SYCE®Bolcun-Filas et al., 2007; Costa et al., 2005; Schramm et al., 2011)
SYCEZ2interacts with itself, the N-terminus of SYCPland TEX12(Bolcun-Filas et al.,
2007; Costa et al., 2005)Together with TEX12 it forms a complex, which is important
for the longitudinal polymerization of SYCP1 during synapsis-or SYCE1 and SYCE2
10
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orthologous protein sequences have been found iseveral vertebrates (Costa et al.,
2005). In contrast to all other CE proteirs SYCE2 orthologous have also been foural
non-vertebral animals (Costa et al., 2005)

SYCES3 binds SYCEdAnd the Nterminus of SYCP1forming the initiation complex for
synapsis and then recruiting TEX12 and SYCE2 to the (3hramm et al., 2011)TEX12

was only confirmed tointeract with SYCE2Hamer et al., 2006)

1.3.3 Evolutionary preservation of the synaptonemal complex

Eventhough the structure of the eukaryotic SC is evolutionary highly preserved, there
are species specific differences in their protein compositions and primargmino acid
sequences of the proteins caused by a dynamic evolutionary history of an ancient SC
(Fraune et al., 2016; Page and Hawley, 20Q4Just recently a single origin of the

metazoanSC was verified by Fraune et glFraune et al., 2016)

1.4 Murine c ohesin complexes

During mitosis and meiosis specializedprotein complexes called cohesi complexes
(CQ) support sister chromatid cohesionby forming ring structures around the DNA
strands (Gruber et al., 2003; Haering and Nasmyth, 2003; Hirano, 2002; Michaelis et al.,
1997; Sumara et al., 2000)They are evolutionary conserved proteins and play an
important role for the correct segregation of sister chromatids during meiosis and
mitosis (Haering and Nasmyth, 2003; Nasmyth, 2001)CCs are Mhaped heterodimers
of SMC1 and 3 (SMC= structural maintenance of chromosomes) which are bridgedaoy

1 -kleisin and a stromal antigen (STAG|Gruber et al., 2003) So farsix different CCswere
characterized in vertebrates of which four seem to be meiosisspecific (Figure7). The
four meiosis specific CCs compristur meiosis-specific cohesirs namelyRECS8, RAD21L,
SMC1R and STAG3Jessberger, 2011; Lee and Hirano, 2011; Prieto et al., 2001;
Uhlmann, 2011)(Figure 7 c-f).

11
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— Hingeregion

Figure 7: Mammalian cohesin complexes.
(a-b) Cohesin complexes which can be found in mitotic and meiotic celléxf) Meiosis
specific cohesn complexes.

1.4.1 Cohesin complexes during meiosis

During meiosis CCs play a role in ABssembly, synapsis, DSB repair, transcriptional
control, chromosome axidoop-structure formation, orientation of sister kinetochores,
telomere integrity and telomere attachment to the nuclear envelope but their best
known role is the regulation of sister chromatid cohesionduring the two successive cell
divisions (Adelfalk et al., 2009; Hopkins et al., 2014; Nasmyth, 201130 far it is known
that sister chromatid cohesionin vertebrate meiocytesis established during Sphase of
interphase before cells enter meiosis. On chromosome arms it lasts until metaphase
I/anaphase | transition but is maintained in the centromere region until thecell reaches
metaphase IlI/ anaphase lltransition. Conclusively, CCs maintain sister chromatid
cohesion during meiosis I, while homologouschromosomes are pulled to opposite poles
of the cell Afterwards during the second division sister chromatids are separatedlhis
led to the assumption thatCCsplay a regulatory role during those two separation
events. This was coriirmed by Buonomo et al. in 200, who discovered that during
anaphase Jcohesins in the arm regions are cleaved, whereas cohesins in the centromere
region stay intact, ensuring sister chromatid cohesiorfBuonomo et al., 2000) In more
detail previous resultsshowedthat the cohesins2 AAyh 3-#pr h 3-#o0lh 341"
are present on chromosome arms untibnaphasel and on centromeres untilanaphasell,

which point out their importance in maintaining sister chromatid cohesion(Buonomo et

12
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al., 2000; Eijpe et al., 2003; Lee et al., 2003; McNicoll et al., 2013; friet al., 2002,
Revenkova et al., 2001)Additionally, Revenkova and Jessberger concluded in 2006 that

OEA ## 2AAYTY34! ' o¥3-#p 1 T3-#0 EO OAOPI T OEAI A
ET POl PEAOA ) 8 4 %1 I OEAO ## Oh T Al AT U
2AAcpT¥34! "' o¥3-#pr ¥3-#ch AOshmelaimd todethdr during 1 1 AET
the first meiotic division but additionally stabilize cohesion of the centromeric region
(Revenkova and Jessberger, 2006)ust recently the group of Ward et al. concluded that

CCs containing STAG3 and RECS8 are the main complexes needed for centromeric
cohesion(Ward et al., 2016)

This regulatory function of CCsmight be controlled by the expression of different
cohesinsubunits during meiosisleading to the formation of different CG, which verifies

the hypothesis of sequential loading of varous CCs to the chromosome axis
(Valdeolmillos et al.,, 2007) The first cohesinsthat are present during meiosis are

3 - # pSME3, RARLL, RAD21, REC8, STAG1 aB@AG2(McNicoll et al., 2013) They

are already expressedin pre-meiotic Sphase and somatic cohesinseven before that

(Eijpe et al., 2003; Lee and Hirano, 2011; McNicoll et al., 2018) leptotene 3 - # @mnd
STAG3appear simultaneously with SYCP3 and SYCRRijpe et al., 2003; Revenkova et

al.,, 2001) In metaphasel cohesinsdissociate from the chromosomeaxes except for
Rad21L,2 AAyh 3 - #and $TAG3whioh predominately stayin the centromeric

region. SMC3, SMC1R and REG&y in the centromeric region untii metaphase |
(Buonomo et al., 2000; Eijpe et al., 2003; Lee et al., 2003; McNicoll et al., 2013; Prieto et

al., 2002; Revenkova et al., 2001Rad21 already dissciates from the chromosomes

after crossingovers are establishedand3 - #p4 AAT AA AAOAAOAA 11
axesuntil late prophase | (Revenkova et al., 2001)Even though expression studie®n

cohesins throughout meiosis varyslightly, it is clear thatthe compostions of CCsvary

between different meiotic phases (McDougall et al., 2005; McNicoll et al., 2013;

Revenkova and Jessberger, 2006)

1.4.2 Spatiotemporal regulation of mammalian cohesin complex dynamics

It is known that CCdynamics are regulated by phosphorylation, acetylatim and site
specific proteolysis ard that the regulatory mechanismsdiffer between mitosis and
meiosis. Nonetheless the spatiotemporal regulation of cohesin loading onto the
chromosomes, their maintenance and dissociation from the chromosomes in

13
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mammalian meiocytes is still not very well understood.Even though the mechanisnior
mitotically dividing cells is much better understood, there are still some fundamental
guestionsleft unanswered for both types of cell division like whether or notdistinct CCs
are exchangedy others during DNA replication orif cohesin subunitsare replaced with

or without dissociation of CCs from the chromosomes

Spatiotemporal requlation in __mammalian _mitosis

During the murine mitotic cell ¢ycle a complex called kollerinin combination with ATP
hydrolysis by the nucleotide binding domains (NBDspf the SMGdimer are known to
play a key role inloading cohesins onto chromatinduring Gl-phase of interphase
(Nasmyth, 2011). Kollerin is described as a complef nipped-B-like protein (NIPBL)
and MAU2 chromatd cohesion factor homolog SCC4 (sister chromatid cohesion protein
4) (table 1). After loading cohesins onto the chromosomesSMC3 acetylationby the
cohesin acetlytransferases (COATEESCO1 and ESCO?2 leadsthe recruitment of sororin

to chromatin-bound CCs, which is responsible for maintaining sister chrontia cohesion
by anatgonzing WAPL(Beckouet et al., 2010; Lafont et al., 2010; Nasmyth, 2011,
Nishiyama et al., 2010; Rankin, 2005; R&m et al., 2005) Sororin competes with WAPL
for binding O E Akleisin binding sister chromatid cohesion protein PDS to form the

releasing complex WAPL/PDS and therefore stabilizes chromatirbound CCs.

Table 1: Nomenclature of cohesin subunits and regulatory factors in different
model organisms. Table was taken from Nasmyth 2011.

Saccharomyces cerevisiae Sch:zos;:‘;be Ly Drosophila melanogaster Homo sapiens
e LT Smcl Psml Smcl Smcla, Smclp
o peos Smc3 Psm3 Smc3 Sme3
a-kleisins Mcd1/Sccl, Rec8 Rad21, Rec8 Rad21, C(2)M Rad21/Sccl, Rad21L, Rec8
a-kleisin binding subunits Scc3 Psc3, Recll SA SAl, SA2, STAG3
Sal s S Pds5 Pds5 Pds5 Pds5a, PdsSb/APRIN
e Rad61/Wapl Wapl Wapl Wapl
Pas bindiag protexas ? ? Dalmatian Sororin
L Scc2 Misd Nipped B Scc2/Nipbl
olleris) oacig compiex Sccd Ssi3 Sccd Sccd4/Mau2
Cohesin acetyl transferases (CoAT) Ecol Esol Deco, San Escol, Esco2
Cohesin deacetylases (CoDAC) Hosl ? ? HDACS8

Proteins markad In biue are specific to malotic celis. Orthologous proteins are on the same line as are aiternative Isoforms.

Beginning in prophase and following through metaphase a separaseindependent
pathway removes the majority of CCs from chromosome armsx E O E 1 -Ke@in |
cleavage(Sumara et al., 2002; Waizenegger et al., 2000)his pathway is not activated

by deacetylation of SMC3, as one could have thought, but instead leads to the

14
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deacetylation of SMC3 by cohesin deacetylases (CoDACs) after CCs are removed from
chromosomes (Nasmyth, 2011). This prophase pathway is dependent on the poltike
kinase (PLK)in combination with Aurora B and seems to be directed by an interplay of
phosphorylations of several cohesin subunits (STAG3, sororin, PDS5, WARL - |
kleisins) and kollerin (Hauf et al., 2005) Especially the phosphorylation of sororin
seems to play a key role since ieads to its inhibition and therefore enables WAPL to
bind PDS5 and cause the dissociation of ENasmyth, 2011). The prophase pahway
does not removepericentric CCs They areprotected by a protein called shugosin 1
(SGO}, which recruits the protein phosphatase 2A (PP2A) to the centromere region
forming the SGQ-PP2A complex(Kitajima et al., 2004; McGuinness et al., 2005; Riedel
et al., 2006; Salic et al., 2004; Xu et al., 2009GO1PP2A seems to inhibit the kinase
activity of the polo-like kinase 1(PLK1), preventing phosphorylation of cohesin subunits
including sororin.

After all bivalents are correctly aligned ad oriented on the metaphase plate the spindle
assembly checkpoint(SAC)activates a separasedependent pathway, which until now
was inhibited by securin and CDK41cyclin B1 (McNicoll et al., 2013) This separase
dependent pathwayremoves centromeric CCs through the activity of thabiquitin ligase
APC/C @naphasepromoting complex/cyclosome), which gets activated by the cell

division cycle protein CDC2(Q(Figure 8). APC/CGPC20removes the inhibitory chaperone

securin from the enzymeseparaseand also degradescyclinBh 1 AAAET ¢ OF A Al /

kleisin subunits (Hauf et al., 2001; Uhlmann et al., 1999Another paralog of shugoshin,
SGO2has been found to localise to the centromeric region of mitotic chromosomes,
likewise. Gdmez et al. proposed a model by whictehsion on thecentromeres caused by
the spindle apparatus leads to a redistribution of SGO2, unmasking CCs in the
centromere region. CCs can now be releasday WAPL/PDS5or cleaved at theiry -kleisin
subunit by the active separas¢Gomez et al., 2007)After centromeric CCs are removed
sister chromatids can be segregated during anaphasénterestingly, SGO2 is not
necessary for sister chromatid cohesion in somatic cell.lano et al., 2008)

##0 OEAO xAOA 1 i-k@isiddubhidit@ukirg thd AroplaBelpattvay)might
be important for gene expression and chromatin restructuring during thesubsequent

interphase and maybe even reused in the next mitotic phag@icNicoll et al., 2013)
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Figure 8: Spatiotemporal regulation of vertebrate chromosome segregation in
mitosis .

From prophase to metaghase most cohesin complexes (CC)f the chromosome arms
are removed through a pololike-kinase (PLK) dependent pathway Once all
chromosomes are bioriented in the metaphase platepericentric CCs are removed
OEOI OCE Al A AKelsip Bubuinitby théaktivadedenzyme separase MAD2, as
part of the spindle assembly checkpoint (SAC), delays separase activity if not all
chromosomes are bioriented. It inhibits the anaphas@romoting complex (APC), which
is responsible for the activation of separase. Once all CCs are removed sistelomatids
are pulled to opposite cell poles by the spindle apparatugigure from Petronczki et al.
2003.

Spatiotemporal regulation in __mammalian _meiosis

The basic principle of cohesin loading, maintenance and dissociation mitosis also
applies for meiosis. In murine meiocytes meiotic CCs are loaded onto chromatin
entrapping the two sister chromatids during Gt and Sphase of interphase. Whereat
cohesion is established by transforming temporary bound CCs into stably bound CCs
during S-phaseis not clear. Another question that remains is whether or not cohesins in
murine meiocytes are also loaded onto chromatin after Sphase and ifsome already
bound CCs are replacedby different CCs during meiosis and also durinthe replication

of DNA in Sphase (McNicoll et al., 2013; Nasmyth, 2011; Revenkova and Jessberger,
2006). The exactrole of CoATs anccohesinassociated factorge.g.NIPBL, SCC4, sororin,
WAPL and PDSpin meiosis stays elusive. It is known, however, thatin mice there are
two isoforms of the cohesion regulating factor PDS5amely PDS5A and PDS5Bf
which PDS5B seems to be essential for spermatogenesis, while PDS5A is(dbang et
al., 2009; Zhang et al., 2007)nformation about a role of the binding partnersororin and
WAPL in gametes is still deficientJust recently Géraz et al. discoveredthat sororin

seems to play a role in centromeric cohesion in collaboration with SGE&ZP2A(Gomez
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et al., 2016) Up to nowa possible role for WAPL in meiosis is suggestduit not proven
(Kuroda et al., 2005) Additionally it was confirmed that SGO2is necessary for the
protection of centromeric CCs from cleavage by separase during meiosis | as it does
during mitosis (Gomez et al., 2007; Llano et al., 2008\Iso centromeric tension leads to
SGO2 redistribution,unmasking, again,CCqGomez et al., 2007; Kitajima et al., 2004%0

far SGO1 was not described in mammalian meiocytes.

So far it is assumed that separase cleaves the CCs in the arm region preceding the first
meiotic division and in the centromeric region preceding the second devisiofBuonomo

et al.,, 2000; Mark Petronczki, 2003) However, this mechanism was described in

budding yeast and has not yet been proven to be true for mammals.

1.5 Significance of CCsand the SC for the chromosome axis

It is known that cohesins and SC proteins interact with each other and are essential for
the formation of chromosome axisloops, their pairing, recombination and subsequent
segregation (Revenkova and Jessberger, 2006Yhe cohesin axis forms alongside the
homologue chromosomes and in parallel to the AE axis of the §&igure 9). Just recently

it was proven that the chromosome axis is multiayered with one AE located to the
outer part and two CC cores from the two sister chromatids located to the inner part
(Figure 9) (Ortiz et al., 2016) The cohesin axis is important for loading and formation of
the AEs as well as for synapsisThere is a high variety and redundancy of CCs in
vertebrates and their significance in the proceses of AHoading and formation as well
as in synapsisvary (McNicoll et al., 2013; Revenkova and Jessberger, 200R)is known
that the axes of AEs and cohesingnteract with each other (McNicoll et al., 2013)
Thereby the AEs determine the length of the chromosome axis via chromosome
compaction but it is still under discussion whether or not CCs act actively againtite
shortening of chromosome axes or passivelA role of cohesins in the determination of
chromatin loop numbers and density on the chromosome axis by fixatinpe chromatin
loop bases to the SC axés assumed This would limit the compaction caused by the AEs
and reinforce a passive role of cohesins in the determination of chromosome axis lenght
(McNicoll et al., 2013) Just recently evidence for an impdant role of RAD21L
containing CCs in pericentric heterochromatin clustering was found by the group of
Ward et al. as wé as that CCs containing STAGRECS8 or SAG3RAD21L are required

for chromosomeaxis formation (Ward et al., 2016)
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Despite of all the newly retrieved information there are still many questions left
unanswered on how S@roteins and cohesins in combination with other proteins of the

chromosome axis codetermine the axis length.

SYCP2 SYCP2
SYCP3 SYCP3

Figure 9: The chromosome axis.
Model showing a multilayered
organization of the chromosome
axis.Figure from Oritz et al.2016.

Sister Cohesin Sister
chromatids CDmp|eK chromatids
cores

1.6 The process of recombination during meiosis |
During prophase | of meiosis the process of DNA exchange between rsister
chromatids is recombination. It is a crucial process for creating genetic diversity and for
correct chromosome segregationDuring pachytene recombination occurs at distinct
recombination nodules (Carpenter, 2003; Page and Hawley, 2003; Zickler and Kleckner,
1999). There are three different pathways of DNA repair and only reciprocal
recombination caused ly crossover leads to chiasmataPreceding the actual process of
recombination, locations of possible DNA exchange are marked by theeiosis-specific
topoisomerase IHike enzyme SPQ@1 which generates a few hundred Double Strand
Breaks (DSB) throughout the genomégFigure 10) (Baarends and Grootegoed, 2003;
Carpenter, 1975; Keeney et al., 1997; Moens et al., 200Phe formation of DSBdnitiates
a DNA damage response pathway activating the kinases ATMataxia telangiectasia
mutated) and ATR (ataxia telangiectasia and Rad3delated). ATM and ATR
PEI OPEI OUI AOA OEA EEOOITA OAOEATO (¢! &8h
18



Introduction

proteins to sites of DNA damagdn mice a complex of recombination specific proteins,

RAD50, MRE11 and XRS2, removes SR@nd leadsOT OEA AACOAddsh¥ET T 1 £
AT 1 OAl AAOAO8 4 EE GresPAOEA A GO AH Gh-overtangiigyds A@A 1046
sites of DSBgFigure 10)8 4 Epderhangngs are bound by RAD51 and DM forming

the early recombination nodules (ENs), whicttan be seen during leptotene as electron

dense structures with a diameter of about 100 to 200 nm. ENs initiate the homology

search in the genome and with the help of RAD54, RAD52, RBB57 and RPA
homologous regions can be bound and the DNA helix can be wound. During the

Al 11T xET ¢ O000AIi-skandidiilbdtds & homoloGue Aegiom &nd expands

its binding site forming the characteristic BDloop formation (Figure 10). This partial

region of homologue binding is called a heteroduplex. Specializegroteins (MSH2

MSH6, MLH} , (oh 0-3¢h ",- ATA 4/0/)))414QqQ OAATCI
repairing the DNA damage via DNA synthesis and ligation. Transformed recombination

nodules are formed (TNs). They can be detected on the AEs during the zygotenegghaf

meiosis | and there are about 200 in each murine spermatocyte. During pachytene TNs

locate in the CR of the SC. Reparation of DSBs tsad to cross-over formations, non

cross-over formations and gene conversions. The two pathways leading to eitherf o

them are double strand break repair (DSBR) and synthesis gendent strand annealing

(SDSA) in which SDSA does not lead crossover events(Figure 10). SDSA gher

restores the damaged allelecompletely or gene conversioroccurss $ OOET ¢ $3" 2 O
ends are prolonged and double holiday junctions (dHJ) are formed. By cutting the

crossed DNA regions of dHJs in different ways, crossovers, nomssovers and gene
conversions are possible. Only about 25 of the TNs will lead to crosshoger events.

They can bedetected by locating the MLH1 protein, which is only present in late

recombination nodules (RNs), which will lead to crossover§Cohen etal., 2006).
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Figure 10: Reparation of d ouble strand breaks.

The two reparation pathways of double strand breakg¢DSBs)are shown. (a and b) DSB
formation and strand invasion. (c) Doublestrand-break-repair pathway. (d) Synthesis
dependentstrand-annealing pathway.Figure from de Massy 2003.

1.7 Interplay between recombination, SC and CCs

The process of recombination is physically stabilized by the SC. Both processes, correct
SC assembly and accurate recombination between homologues, aretual dependent

on each other. If one is flawed, so is the othgBolcun-Filas et al., 2009; Hamer et al.,
2008). However, the contribution of CCs in recombination is still not very well
understood. It was stown, though, that SMC13 is needed for successful recombination
and formation of chiasmata(Hodges et al., 2005) It is also known that in somatic cells
3- #ph 3 - «leisindarefphosphorylated by the twokinases ATMand ATR at sites

of DNA damage, which points to a role of cohesins in the DNA damaggsponse
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