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Zusammenfassung 

Innerhalb der Meiose sind Proteine der Chromosomenachse wichtig für das Monitoring 

der Chromatinstruktur und dessen Kondensation, sowie für die Paarung und Trennung 

der Chromosomen und für eine fehlerfreie Rekombination. Zu diesen Proteinen zählen 

HORMA-domain Proteine, Proteine des DNA-Reparatur-Systems und des 

synaptonemalen Komplexes, sowie Kohäsine und Kondesine. Um mehr über ihre Rolle in 

der Formgebung meiotischer Chromosomen zu erfahren, ist es unabdingbar ein genau 

definiertes Modell über ihre molekulare Architektur zu erstellen. Bis jetzt wurde ihre 

molekulare Organisation mit konventionellen Methoden wie dem konfokalen Laser-

Scanning-Mikroskop (CLSM) und dem Transmissionselektronenmikroskop (TEM) 

untersucht. Beide Techniken sind jedoch entweder in ihrer Auflösung oder ihrer  

Lokalisationsgenauigkeit beschränkt, wodurch viele Daten zur molekularen 

Organisation der Chromosomenachse noch nicht erfasst werden konnten. Die 

vorliegende Arbeit untersucht mit isotropischer Auflösung die molekulare Struktur des 

synaptonemalen Komplexes (SC) der Maus und die Lokalisation seiner Proteine, sowie 

die Lokalisation von drei Kohäsinen, was neue Einsichten in deren Architektur und 

Topographie auf der nanomolekularen Ebene erbrachte. Dies gelang durch die 

Verwendung von Immunfluoreszenzmarkierungen in Kombination mit hochauflösender 

Mikroskopie, Linienprofilen und durchschnittlicher Positionsbestimmung. Es konnte 

gezeigt werden, dass der murine SC eine Weite von 221,6 nm ± 6,1 nm besitzt, inklusive 

einer 148,2 nm ± 2,6 nm weiten zentralen Region (CR). Innerhalb der CR konnte eine 

mehrschichtige Anordnung der Proteine des zentralen Elements (CE) bestätigt werden. 

Dies gelang indem ihre Strangdurchmesser und ɀabstände gemessen worden sind und 

zusätzlich potentielle Bindestellen von SYCP1 (synaptonemal complex protein 1) an den 

lateral Elementen des SCs (LEs) abgebildet werden konnten. Zusätzlich konnte gezeigt 

werden, dass die beiden LE Proteine, SYCP2 und SYCP3, kolokalisieren. Dabei zeigte 

SYCP2 keine präferentielle Lokalisation im inneren Bereich der LE.  

Die Ergebnisse der vorliegenden Arbeit deuten auf eine organisierte Anordnung der 

murinen Kohäsin Komplexe (CCs) entlang der Chromosomenachse in Keimzellen hin 

und unterstützen die Hypothese, dass Kohäsine innerhalb der CR des SC eine Funktion 

unabhängig der von CCs haben.  

Schlussendlich konnten neue Informationen zur molekularen Anordnung von zwei 

wichtigen Komponenten der murinen Chromosomenachse mit einer Präzision im 
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Nanometerbereich gewonnen werden und bisher nicht bekannte Details ihrer 

molekularen Architektur und Topographie aufgedeckt werden. 
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Summary  

During meiosis proteins of the chromosome axis are important for monitoring 

chromatin structure and condensation, for pairing and segregation of chromosomes, as 

well as for accurate recombination. They include HORMA-domain proteins, proteins of 

the DNA repair system, synaptonemal complex (SC) proteins, condensins and cohesins. 

To understand more about their function in shaping the meiotic chromosome it is 

crucial to establish a defined model of their molecular architecture. Up 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 either by their resolution power or their 

localization accuracy. In conclusion, a lot of data on the molecular organization of 

chromosome axis proteins stays elusive. For this thesis the molecular structure of the 

murine synaptonemal complex (SC) and the localization of its proteins as well as of 

three cohesins was analysed with isotropic resolution, providing new insights into their 

architecture and topography on a nanoscale level. This was done using 

immunofluorescence labelling in combination with super-resolution microscopy, line 

profiles and average position determination. The results show that the murine SC has a 

width of 221.6 nm ± 6.1 nm including a central region (CR) of 148.2 nm ± 2.6 nm. In the 

CR a multi-layered organization of the central element (CE) proteins was verified by 

measuring their  strand diameters and strand distances and additionally by imaging 

potential anchoring sites of SYCP1 (synaptonemal 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 there is no significant preferential localization 

towards the inner LE axis of SYCP2.  

The presented results also predict an orderly organization of murine cohesin complexes 

(CCs) alongside the chromosome axis in 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 molecular organization of two main components of 

the murine chromosome axis were retrieved with nanometer precision and previously 

unknown details of their  molecular architecture and topography were unravelled. 
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1. Introduction  

1.1 Spermatogenesis of mice 

Gametogenesis is the formation of gametes inside the gonads of sexually reproducing 

organisms. For males this process is called spermatogenesis and takes place inside the 

tubuli seminiferi contorti of male testes (Figure 1). The convoluted tubuli seminiferi 

contorti as well as the straight tubuli seminiferi recti are part of the seminiferous 

tubules, which lie embedded in the interstitium and are surrounded by mesenchymal 

cells. The interstitium consists of the contractile myoid cells, connective tissue, nerves, 

blood and lymphatic vessels, macrophages and steroid producing leydig cells. The tubuli 

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 spermatogenesis. They 

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. 

 

Figure  1: Cross-section of mammalian teste s.  
Spermatogenesis takes 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 of spermatogenesis starts at 

the tubus base and is directed towards the lumen (Figure 2). It  is divided into the mitotic 

phase, the meiotic phase and the post-meiotic phase. The mitotic phase in males starts 
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with spermatogonia, which are embedded at the tubus base. They can either proliferate 

and produce more undifferentiated As (single)-spermatogonia stem cells or As-

spermatogonia, which pass through several mitotic divisions and stay in contact with 

each other through cytoplasmic bridges due to unfinished cytokinesis (Oakberg, 1971). 

After the first mitotic division Apr (paired) spermatogonia are produced. Apr cells divide 

further into Aal (aligned) spermatogonia, consisting of 4, 8 or 16 cells (Huckins, 1971 a; 

Huckins, 1971 b). Aal-spermatogonia are the first differentiating germ cell. They 

differentiate into A1-spermatogonia, which successively divide five times into A2-, A3, A4, 

intermediate and B- spermatogonia (Huckins and Oakberg, 1978). B-spermatogonia are 

the last mitotically dividing male germ cells, which differentiate into primary 

spermatocytes. Primary spermatocytes then divide meiotically to form secondary 

spermatocytes, which subsequently divide meiotically into four spermatids. During the 

following post-meiotic process of spermiogenesis, spermatids differentiate into 

spermatozoa, which are released into the tubus lumen and 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).  

 

Figure 2: Overview of mammalian spermatogenesis.  
The vectorial process of spermatogenesis 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 reproducing diploid organisms halve their chromosome number during a 

specialized form of cell division, called meiosis. It leads to the formation of haploid 

gametes, which are used for reproduction. During the process of fertiliz ation one male 

and one female gamete fuse into a diploid zygote, which then matures into a diploid 

organism. Mutations in meiosis specific genes can lead to various diseases concerning 

the reproductive system like aneuploidy, sterility and embryonic death. Since in male 

mice mutations usually lead to sterility, whereas females are still fertile, the meiotic 

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 two diploid 

daughter cells originating from one diploid parent cell. It can be found in somatic cells. 

Meiosis differs from mitosis in several aspects. First, it only takes place in gonads (testis 

and ovary). Whereas mitosis leads to the formation of two genetic identical diploid cells, 

meiosis produces four haploid cells with different genotypes. This is achieved through 

recombination and random segregation of parental chromosomes. This way, meiosis 

provides genetic diversity to the genomic pool of a population. 

Before cells enter meiosis they are in interphase which is divided into gap phase 1 (G1-

phase), synthesis phase (S-phase) and gap phase 2 (G2-phase). During G1-phase the 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 chromatids. 

During the following second gap phase the cell grows further, synthesizes proteins, 

checks for errors and repairs them before moving on to the meiotic phase (M-phase). 

During M-phase the cell separates twice during meiosis I and meiosis II, without an 

additional replication step. Meiosis I is a reducing division duri ng which the homologue 

chromosome pairs are separated. It also includes recombination steps, which are 

important for the formation of unique haploid cells. Meiosis II on the other hand 

resembles mitosis and is an equatorial division during which the chromatids are 

randomly pulled to different cell poles, again contributing to genetic diversity. In the end 

of female gametogenesis one big ovum and three small polar bodies, which are going to 

be discarded, are formed. The ovum is the female gamete and provides mitochondria 

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

mainly composed of the haploid cell nucleus and has little cytoplasm. 

 

 

 
Figure  3: Overview of mammalian meiosis.  
During meiosis the cell successively divides twice after one round of DNA replication, 
producing four genetically unique haploid gametes. 

 

Meiosis I and II are each divided into prophase, metaphase, anaphase and telophase 

(Figure 3). The longest and most important phase is prophase I of meiosis I during 

which pairing and synapsis of homologous chromosomes take place and DNA segments 

between non-sister chromatids are exchanged. Prophase I is divided into leptotene, 

zygotene, pachytene, diplotene and diakinesis (Figure 3). Female oogonia start meiosis 

during the embryonic development and rest at the diplotene stage before birth, called 

the dictyotene stage. Beginning at puberty, female gametes (oocytes) 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 characterized by certain structural and proteomic changes. In the 

beginning of prophase I chromatin is still  organized into long thin chromatid filaments. 

During leptotene several specialized proteins start to mediate morphological changes 

and cohesins and condensins begin with the condensation of chromatin into a more 

compact form. This is important for subsequent recombination processes and the 

segregation of chromosomes. Additionally, proteins of the axial elements (AE) start to 

assemble along the chromosome axes (Eijpe et al., 2003). Kinetochores are formed on 

the centromeres of chromosomes. They are important anchoring sites for the spindle 

apparatus and important for correct segregation of homologues chromosomes. Also, the 

telomeres attach to the inner nuclear envelop via attachment plates (Liebe et al., 2004; 

Scherthan et al., 1996; von Wettstein, 1984). 

During the following zygotene stage chromatin condenses further and the attached 

telomeres move towards the cell pole opposite of the centrosome where 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 into close vicinity of each other to pair, synapse and 

recombine (Page and Hawley, 2003). Additionally, the AEs become the lateral elements 

(LEs) of the SC, by getting connected in a zipper-like fashion by transversal filaments 

(TFs) (Fawcett, 1956; Moses, 1956). At the end of the zygotene stage the bouquet 

disassembles but the telomeres stay attached to the nuclear envelope (Scherthan et al., 

1996; Zickler and Kleckner, 1998). 

 

 

Figure  4: Bouquet  formation of chromosomes during zygotene.  
During zygotene of prophase I, telomeres polarize at one side of the nucleus opposite the 
centrosome and homologous chromosomes start to align and synapse. 
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During the pachytene stage of meiosis I all chromosomes are highly condensed and are 

visible in conventional light microscopes as thick threads (bivalents). All chromosomes 

are synapsed and the XY-body is visible. The XY-body is a heterochromatic structure of 

the X and Y chromosome, which is largely transcripti onally inactive. In the XY-body 

synapsis only takes place in pseudoautosomal regions (PAR), because of the lack of 

homologous regions (Handel, 2004; Solari, 1974).  

 

After the long pachytene stage of prophase I diplotene follows. During diplotene the SC 

starts to disassemble and the homologues separate, with exception to regions where 

recombination took place. Here, the homologues stay connected by chiasmata 

(Creighton and McClintock, 1931; Henderson, 1970). This means that every homologues 

has to recombine at one locus minimum for correct segregation. The following 

diakinesis stage is the transition phase from prophase I to metaphase I. Here, the 

chromosomes condense even further and chiasmata and all four chromatids are visible 

as tetrads. Also the spindle apparatus is formed and the nuclear envelope disassembles. 

In metaphase I the bivalents arrange themselves in the equatorial plane and 

microtubules of the spindle apparatus proliferate towards the chromosomes and bind 

their kinetochores. The mono-orientation of sister-kinetochores results in the 

separation of homologous chromosomes during anaphase I and their  random 

segregation towards the two spindle poles (Page and Hawley, 2003). Sister chromatids 

stay attached by cohesins at the centromere region, whereas cohesins in the 

chromosomal axes region were cleaved by the protein separase preceding segregation. 

Also cytokinesis begins. The last phase of meiosis I is telophase I. Here, a nuclear 

envelope assembles around each chromosome set and cytokinesis forms the two 

originating daughter cells. The result of meiosis I are two haploid cells with two 

chromatids (1n 2c).  

During the subsequent meiosis II, cells undergo a mitotic cell division, without a 

preliminary  DNA replication. In conclusion, the two sister chromatids are separated 

during anaphase II, leading to four haploid cells with one chromatid (1n 1c). During 

meiosis II no recombination processes take place.  
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Figure 5 : TEM image of the SC. 
Transmission electron microscopy (TEM) 
image of the synaptonemal complex (SC) 
taken from pigeon spermatocytes. Figure 
from Fawcett 1956. 

1.3 The synaptonemal complex   

The synaptonemal complex (SC) is an 

evolutionary well conserved multiprotein 

complex, which plays an important role in 

mammalian meiosis. It is necessary for 

synapsis, recombination and correct 

segregation of homologue chromosomes 

during prophase I of meiosis I. Mutations 

of SC proteins lead to dysfunctional 

meiosis, aneuploidy, decreased fertility, 

sterility and embryonic death.  

The SC was more or less simultaneously 

discovered for the first time in 

spermatocytes of pigeons, cats, humans 

and crayfishs in 1956 using electron microscopy (Figure 5) (Fawcett, 1956; Moses, 

1956). EM imaging of the SC has shown that it has a ladder-like structure with two LEs 

forming the ladder pillars. In between them is the central region (CR), where transversal 

filaments (TFs) form the rung of the ladder and connect the two LEs (Figure 6). In the 

middle of the CR lies the central element (CE) (Figure 5, Figure 6). On each site of the 

LEs chromatin of the homologous chromosomes is bound, thereby connecting the two 

parental chromosomes (Figure 6). 

 

Figure  6: Model of the mammalian synaptonemal complex.  
The mammalian synaptonemal complex (SC) has a ladder-like structure, with two lateral 
elements (LEs) consisting of SYCP3 and SYCP2 and a central region (CR) made up of 
SYCP1, TEX12 and SYCE1-3. Parental chromatin is bound to the LEs. Figure from Fraune 
et al. 2012. 
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The assembly of the SC starts early in prophase I, during leptotene, when synaptonemal 

complex protein 3 and 2 (SYCP2 and SYCP3) form the AEs alongside the chromosome 

axes. During zygotene, the TFs built  a connection between the two AEs (Lammers et al., 

1994; Meuwissen et al., 1997; Offenberg et al., 1998). This process is called synapsis. 

Thereby the AEs become LEs and the TFs bridge the CR between them (Figure 6). The 

TFs are formed by SYCP1, a homodimeric protein, the N-termini  of which lie in the 

central element of the SC and whose C-termini are said to locate in the lateral elements 

(Liu et al., 1996; Meuwissen et al., 1992). In the CR the N-termini of opposing SYCP1 

proteins do interact with each other (Liu et al., 1996). The CE is additionally made up of 

the synaptonemal complex central element proteins 1-3 (SYCE1, SYCE2 and SYCE3) and 

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 the SC were first described in 1987 using immunocytochemical techniques as 

well as light microscopic and ultrastructural techniques (Heyting et al., 1987). In 1989 

SCs were isolated from rat spermatocytes and the main SC proteins SYCP3, SYCP2 and 

SYCP1 were biochemically and morphologically analysed (Heyting et al., 1989). Further 

molecular analyses of those proteins were conducted by Meuwissen et al. (SYCP1), 

Offenberg et al. (SYCP2) and Lammers et al. (SYCP3) (Lammers et al., 1994; Meuwissen 

et al., 1997; Offenberg et al., 1998). A few years later the CE proteins were characterized 

by Costa et al. (SYCE1 and 2), Hamer et al. (TEX12) and Schramm et al. (SYCE3) (Costa et 

al., 2005; Hamer et al., 2006; Schramm et al., 2011). Today several SC proteins of 

different model organisms, including M. musculus, R. norvegicus, C. elegans and D. 

melanogaster are known and characterized.  

 

SYCP3 

SYCP3 is one of the best characterized SC proteins. It can be detected for the longest 

time during meiosis, starting in leptotene until metaphase I. During leptotene it is part of 

the AEs, which later on in prophase I become the LEs. In metaphase I it still locates axial 

to the chromosomes and to the centromere region but becomes absent afterwards 

(Dobson et al., 1994; Lammers et al., 1994; Page and Hawley, 2003).  
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The amino acid sequence of SYCP3 is generally preserved between mammals but there 

are species-specific differences (Botelho et al., 2001; Klink et al., 1997). Whereat in 

mouse and rat there are two isoforms of SYCP3 with a molecular mass of 30 and 33 kDA, 

other organisms like human and hamster only have one of 30 kDa (Botelho et al., 2001; 

Dobson et al., 1994; Heyting et al., 1987; Lammers et al., 1994; Miyamoto et al., 2003). In 

mice the protein is 254 amino acids long with  ÁÎ ɻ-helical domain on its C-terminus, 

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., 1997). It is flanked by two non-

helical domains, which contain the highly preserved motives CM1 (N-terminus) and CM2 

(C-terminus) . Those regions are important for the structural organization of the protein. 

SYCP3 can use ÔÈÅ ɻ-helical domain for interacting with itself in a homophilic protein-to-

protein interaction (Tarsounas et al., 1997; Yuan et al., 1998). The low evolutionary 

preserved N-terminus of SYCP3 varies in size between different species and there is 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 a cATP or cGMP dependent kinase (Feramisco 

et al., 1980), five for casein kinase II (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).  

 

SYCP2 

The other main protein component of the AEs/LEs is SYCP2. It  can be detected as early 

as SYCP3 on the chromosome axis and starts to dissolve from them during diplotene. 

From the centromere region it dissolves later, after metaphase I. The murine SYCP2 is 

1500 amino acids long and has a molecular mass of 190 kDa (Heyting et al., 1989; Wang 

et al., 2001). It contains two clusters of S/T-P motifs, which are potential target sites for 

the p34cdc2 protein kinase (Offenberg et al., 1998). It also has eight potential target sites 

for a cAMP/cGMP dependent kinase (Offenberg et al., 1998).  

 

SYCP1 

In mice the homodimeric protein of the TFs, SYCP1, is a 993 amino acids long protein 

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

al., 1995). Its molecules are organized in parallel homodimers with the same polarity. 
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Recruitment of SYCP1 to the SC begins during zygotene after the AEs have formed, 

(Dobson et al., 1994; Meuwissen et al., 1992). Its displacement starts during late 

pachytene and continues until the end of diplotene (Dobson et al., 1994; Meuwissen et 

al., 1992; Tarsounas et al., 1999). SYCP1 ÈÁÓ Á ÌÏÎÇ ÃÅÎÔÒÁÌ ɻ-helical domain, which 

forms a coiled-coil structure and is surrounded by two globular ends (Dobson et al., 

1994; Meuwissen et al., 1992) . In the central ɻ-helical domain there is a DNA-binding 

motif in form of a leucine-zipper and also several potential target sites for cAMP/cGMP 

dependent protein kinases and one for a tyrosine kinase (Meuwissen et al., 1997). Its C-

terminus has several DNA-ÂÉÎÄÉÎÇ ÍÏÔÉÆÓ ÆÏÒÍÉÎÇ ɼ-turns and potential target sites for 

the p34cdc2 protein kinase and also a putative NLS (Meuwissen 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 assembly and disassembly (Meuwissen et al., 1997). 

 

CE proteins 

In the CE of the murine SC four different proteins are located. SYCE1 (38 kDa) which is 

329 amino acids long and has four potential coiled-coil domains (Costa et al., 2005), 

SYCE2 (19 kDa) which is 171 amino acids long and has one potential coiled-coil domain 

(Costa et al., 2005), SYCE3 (12 kDa) which is 88 amino acids long and one coiled-coil 

domain as well as two putative sites for phosphorylation (Schramm et al., 2011) and 

TEX12 (14 kDa) which is 123 amino acids long (Hamer et al., 2006).  

 

1.3.2 Interplay  of synaptonemal complex proteins  

It is known that SYCP3 binds SYCP2 (Pelttari et al., 2001; Schalk et al., 1998). For this 

interaction the coiled-coil domain on the C-terminus of SYCP2 is essential (Offenberg et 

al., 1998; Yang et al., 2006). It is also said that SYCP2 connects SYCP1 with SYCP3 

(Offenberg et al., 1998; Winkel et al., 2009). The N-terminus of SYCP1 seems to recruit 

more CE specific proteins, like SYCE1 and SYCE2, to the SC (Costa et al., 2005). It has 

been shown that SYCE1 interacts with itself, the N-terminus of SYCP1 and with SYCE2 

and SYCE3 (Bolcun-Filas et al., 2007; Costa et al., 2005; Schramm et al., 2011).  

SYCE2 interacts with itself, the N-terminus of SYCP1 and 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. For SYCE1 and SYCE2 
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orthologous protein sequences have been found in several vertebrates (Costa et al., 

2005). In contrast to all other CE proteins SYCE2 orthologous have also been found in 

non-vertebral animals (Costa et al., 2005).  

SYCE3 binds SYCE1 and the N-terminus of SYCP1, forming the initiation complex for 

synapsis and then recruiting TEX12 and SYCE2 to the CE (Schramm et al., 2011). TEX12 

was only confirmed to interact with SYCE2 (Hamer et al., 2006).  

 

1.3.3 Evolutionary preservation of the synaptonemal complex  

Even though the structure of the eukaryotic SC is evolutionary highly preserved, there 

are species specific differences in their protein compositions and primary amino acid 

sequences of the proteins caused by a dynamic evolutionary history of an ancient SC 

(Fraune et al., 2016; Page and Hawley, 2004). Just recently a single origin of the 

metazoan SC was verified by Fraune et al. (Fraune et al., 2016). 

 

1.4 Murine c ohesin complexes  

During mitosis and meiosis specialized protein complexes called cohesin complexes 

(CCs) support sister chromatid cohesion by 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 V-shaped heterodimers 

of SMC1 and 3 (SMC= structural maintenance of chromosomes) which are bridged by an 

ɻ-kleisin and a stromal antigen (STAG) (Gruber et al., 2003). So far six different CCs were 

characterized in vertebrates of which four seem to be meiosis-specific (Figure 7). The 

four meiosis specific CCs comprise four meiosis-specific cohesins namely REC8, RAD21L, 

SMC1ß and STAG3 (Jessberger, 2011; Lee and Hirano, 2011; Prieto et al., 2001; 

Uhlmann, 2011) (Figure 7 c-f).  
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Figure 7: Mammalian cohesin complexes.  
(a-b) Cohesin complexes which can be found in mitotic and meiotic cells. (c-f) Meiosis 
specific cohesin complexes. 
 

1.4.1 Cohesin complexes during  meiosis  

During meiosis CCs play a role in AE assembly, synapsis, DSB repair, transcriptional 

control, chromosome axis-loop-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 cohesion during the two successive cell 

divisions (Adelfalk et al., 2009; Hopkins et al., 2014; Nasmyth, 2011). So far it is known 

that sister chromatid cohesion in vertebrate meiocytes is established during S-phase of 

interphase before cells enter meiosis. On chromosome arms it lasts until metaphase 

I/anaphase I transition but is maintained in the centromere region until the cell reaches 

metaphase II/ anaphase II transition. Conclusively, CCs maintain sister chromatid 

cohesion during meiosis I, while homologous chromosomes are pulled to opposite poles 

of the cell. Afterwards during the second division sister chromatids are separated. This 

led to the assumption that CCs play a regulatory role during those two separation 

events. This was confirmed by Buonomo et al. in 2000, who discovered that during 

anaphase I, cohesins in the arm regions are cleaved, whereas cohesins in the centromere 

region stay intact, ensuring sister chromatid cohesion (Buonomo et al., 2000). In more 

detail previous results showed that the cohesins 2ÅÃψȟ 3-#ρɼȟ 3-#σȟ 34!'σ ÁÎÄ 2ÁÄςρL 

are present on chromosome arms until anaphase I and on centromeres until anaphase II, 

which point out their importance in maintaining sister chromatid cohesion (Buonomo et 
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al., 2000; Eijpe et al., 2003; Lee et al., 2003; McNicoll et al., 2013; Prieto et al., 2002; 

Revenkova et al., 2001). Additionally, Revenkova and Jessberger concluded in 2006 that 

ÔÈÅ ## 2ÅÃψȾ34!'σȾ3-#ρɻȾ3-#σ ÉÓ ÒÅÓÐÏÎÓÉÂÌÅ ÆÏÒ ÔÈÅ ÃÏÈÅÓÉÏÎ ÏÆ ÃÈÒÏÍÏÓÏÍÅ ÁÒÍÓ 

ÉÎ ÐÒÏÐÈÁÓÅ )Ȣ 4×Ï ÏÔÈÅÒ ##Óȟ ÎÁÍÅÌÙ 2ÅÃψȾ34!'σȾ3-#ρɼȾ3-#σ ÁÎÄ 

2ÁÄςρȾ34!'σȾ3-#ρɼȾ3-#σȟ ÁÒÅ ÎÏÔ ÏÎÌÙ ÈÏÌÄÉÎÇ ÃÈÒÏÍÏsome arms together during 

the first meiotic division but additionally stabilize cohesion of the centromeric region 

(Revenkova and Jessberger, 2006). Just recently the group of Ward et al. concluded that 

CCs containing STAG3 and REC8 are the main complexes needed for centromeric 

cohesion (Ward et al., 2016). 

This regulatory function of CCs might be controlled by the expression of different 

cohesin subunits during meiosis leading to the formation of different CCs, which verifies 

the hypothesis of sequential loading of various CCs to the chromosome axis 

(Valdeolmillos et al., 2007). The first cohesins that are present during meiosis are 

3-#ρɻȟ SMC3, RAD21L, RAD21, REC8, STAG1 and STAG2 (McNicoll et al., 2013). They 

are already expressed in pre-meiotic S-phase and somatic cohesins even before that 

(Eijpe et al., 2003; Lee and Hirano, 2011; McNicoll et al., 2013). In leptotene 3-#ρɼ and 

STAG3 appear simultaneously with SYCP3 and SYCP2 (Eijpe et al., 2003; Revenkova et 

al., 2001). In metaphase I cohesins dissociate from the chromosome axes except for 

Rad21L, 2ÅÃψȟ 3-#ρɼȟ 3-#σ and STAG3, which predominately stay in the centromeric 

region. SMC3, SMC1ß and REC8 stay in the centromeric region until metaphase II 

(Buonomo et al., 2000; Eijpe et al., 2003; Lee et al., 2003; McNicoll et al., 2013; Prieto et 

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

after crossing-overs are established and 3-#ρɻ ÃÁÎ ÂÅ ÄÅÔÅÃÔÅÄ ÏÎ ÔÈÅ ÃÈÒÏÍÏÓÏÍÅ 

axes until late prophase I (Revenkova et al., 2001). Even though expression studies on 

cohesins throughout meiosis vary slightly, it is clear that the composition s of CCs vary 

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 CC dynamics are regulated by phosphorylation, acetylation and site 

specific proteolysis and that the regulatory mechanisms differ between mitosis and 

meiosis. Nonetheless the spatiotemporal regulation of cohesin loading onto the 

chromosomes, their maintenance and dissociation from the chromosomes in 
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mammalian meiocytes is still not very well understood. Even though the mechanism for 

mitotically dividing  cells is much better understood, there are still some fundamental 

questions left unanswered for both types of cell division, like whether or not distinct CCs 

are exchanged by others during DNA replication or if cohesin subunits are replaced with 

or without dissociation of CCs from the chromosomes.  

 

Spatiotemporal regulation in mammalian mitosis  

During the murine mitotic cell cycle a complex called kollerin in combination with  ATP 

hydrolysis by the nucleotide binding domains (NBDs) of the SMC-dimer are known to 

play a key role in loading cohesins onto chromatin during G1-phase of interphase 

(Nasmyth, 2011). Kollerin is described as a complex of nipped-B-like protein (NIPBL) 

and MAU2 chromatid cohesion factor homolog SCC4 (sister chromatid cohesion protein 

4) (table 1). After loading cohesins onto the chromosomes, SMC3 acetylation by the 

cohesin acetlytransferases (CoAT) ESCO1 and ESCO2 leads to the recruitment of sororin 

to chromatin-bound CCs, which is responsible for maintaining sister chromatin cohesion 

by anatgonzing WAPL (Beckouet et al., 2010; Lafont et al., 2010; Nasmyth, 2011; 

Nishiyama et al., 2010; Rankin, 2005; Rankin et al., 2005). Sororin competes with WAPL 

for binding ÔÈÅ ɻ-kleisin binding sister chromatid cohesion protein PDS5 to form the 

releasing complex WAPL/PDS5 and therefore stabilizes chromatin-bound CCs.  

 

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

 
 

Beginning in prophase and following through metaphase a separase-independent 

pathway removes the majority of CCs from chromosome arms ×ÉÔÈÏÕÔ ɻ-kleisin 

cleavage (Sumara et al., 2002; Waizenegger et al., 2000). This pathway is not activated 

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

kinase (PLK) in combination with Aurora B and seems to be directed by an interplay of 

phosphorylations of several cohesin subunits (STAG1-3, sororin, PDS5, WAPLȟ ɻ-

kleisins) and kollerin (Hauf et al., 2005). Especially the phosphorylation of sororin 

seems to play a key role since it leads to its inhibition and therefore enables WAPL to 

bind PDS5 and cause the dissociation of CCs (Nasmyth, 2011). The prophase pathway 

does not remove pericentric CCs. They are protected by a protein called shugosin 1 

(SGO1), which recruits the protein phosphatase 2 A (PP2A) to the centromere region, 

forming the SGO1-PP2A complex (Kitajima et al., 2004; McGuinness et al., 2005; Riedel 

et al., 2006; Salic et al., 2004; Xu et al., 2009). SGO1-PP2A 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 and oriented on the metaphase plate the spindle 

assembly checkpoint (SAC) activates a separase-dependent pathway, which until now 

was inhibited by securin and CDK1- cyclin B1 (McNicoll et al., 2013). This separase-

dependent pathway removes centromeric CCs through the activity of the ubiquitin ligase 

APC/C (anaphase-promoting complex/cyclosome), which gets activated by the cell 

division cycle protein CDC20 (Figure 8). APC/CCDC20 removes the inhibitory chaperone 

securin from the enzyme separase and also degrades cyclin Bȟ ÌÅÁÄÉÎÇ ÔÏ Á ÃÌÅÁÖÁÇÅ ÏÆ ɻ-

kleisin subunits (Hauf et al., 2001; Uhlmann et al., 1999). Another paralog of shugoshin, 

SGO2, has been found to localise to the centromeric region of mitotic chromosomes, 

likewise. Gómez et al. proposed a model by which tension on the centromeres caused by 

the spindle apparatus leads to a redistribution of SGO2, unmasking CCs in the 

centromere region. CCs can now be released by WAPL/PDS5 or cleaved at their ɻ-kleisin 

subunit by the active separase (Gomez et al., 2007). After centromeric CCs are removed 

sister chromatids can be segregated during anaphase. Interestingly, SGO2 is not 

necessary for sister chromatid cohesion in somatic cells (Llano et al., 2008). 

##Ó ÔÈÁÔ ×ÅÒÅ ÎÏÔ ÃÌÅÁÖÅÄ ÁÔ ÔÈÅÉÒ ɻ-kleisin subunit during the prophase pathway might 

be important for gene expression and chromatin restructuring during the subsequent 

interphase and maybe even reused in the next mitotic phase (McNicoll et al., 2013).  
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Figure 8: Spatiotemporal regulation of vertebrate chromosome segregation in 
mitosis . 
From prophase to metaphase most cohesin complexes (CCs) of the chromosome arms 
are removed through a polo-like-kinase (PLK) dependent pathway. Once all 
chromosomes are bioriented in the metaphase plate, pericentric CCs are removed 
ÔÈÒÏÕÇÈ ÃÌÅÁÖÁÇÅ ÏÆ ÔÈÅÉÒ ɻ-kleisin subunit by the activated enzyme separase. MAD2, as 
part of the spindle assembly checkpoint (SAC), delays separase activity if not all 
chromosomes are bioriented. It inhibits the anaphase-promoting complex (APC), which 
is responsible for the activation of separase. Once all CCs are removed sister chromatids 
are pulled to opposite cell poles by the spindle apparatus. Figure from Petronczki et al. 
2003. 
 
 
Spatiotemporal regulation in mammalian meiosis  

The basic principle of cohesin loading, maintenance and dissociation in mitosis also 

applies for meiosis. In murine meiocytes meiotic CCs are loaded onto chromatin 

entrapping the two sister chromatids during G1- and S-phase of interphase. Whereat 

cohesion is established by transforming temporary bound CCs into stably bound CCs 

during S-phase is not clear. Another question that remains is whether or not cohesins in 

murine meiocytes are also loaded onto chromatin after S-phase and if some already 

bound CCs are replaced by different CCs during meiosis and also during the replication 

of DNA in S-phase (McNicoll et al., 2013; Nasmyth, 2011; Revenkova and Jessberger, 

2006). The exact role of CoATs and cohesin-associated factors (e.g. NIPBL, SCC4, sororin, 

WAPL and PDS5) in meiosis stays elusive. It is known, however, that in mice there are 

two isoforms of the cohesion regulating factor PDS5, namely PDS5A and PDS5B, of 

which PDS5B seems to be essential for spermatogenesis, while PDS5A is not (Zhang et 

al., 2009; Zhang et al., 2007). Information about a role of the binding partner sororin and 

WAPL in gametes is still deficient. Just recently Gómez et al. discovered that sororin 

seems to play a role in centromeric cohesion in collaboration with SGO2-PP2A (Gomez 
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et al., 2016). Up to now a possible role for WAPL in meiosis is suggested but not proven 

(Kuroda et al., 2005). Additionally it was confirmed that SGO2 is necessary for the 

protection of centromeric CCs from cleavage by separase during meiosis I as it does 

during mitosis (Gomez et al., 2007; Llano et al., 2008). Also centromeric tension leads to 

SGO2 redistribution, unmasking, again, CCs (Gomez et al., 2007; Kitajima et al., 2004). So 

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 devision (Buonomo 

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 CCs and 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 axis-loops, their pairing, recombination and subsequent 

segregation (Revenkova and Jessberger, 2006). The cohesin axis forms alongside the 

homologue chromosomes and in parallel to the AE axis of the SC (Figure 9). Just recently 

it was proven that the chromosome axis is multi-layered 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 synapsis. There is a high variety and redundancy of CCs in 

vertebrates and their significance in the processes of AE loading and formation as well 

as in synapsis vary (McNicoll et al., 2013; Revenkova and Jessberger, 2006). It is known 

that the axes of AEs and cohesins interact 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 against the 

shortening of chromosome axes or passively. A role of cohesins in the determination of 

chromatin loop numbers and density on the chromosome axis by fixating the chromatin 

loop bases to the SC axes is 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 important role of RAD21L 

containing CCs in pericentric heterochromatin clustering was found by the group of 

Ward et al. as well as that CCs containing STAG3-REC8 or STAG3-RAD21L are required 

for chromosome axis 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 SC proteins and cohesins in combination with other proteins of the 

chromosome axis codetermine the axis length. 

 

 

1.6 The process of recombination during meiosis I  

During prophase I of meiosis the process of DNA exchange between non-sister 

chromatids is recombination. It is a crucial process for creating genetic diversity and for 

correct chromosome segregation. During 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 by cross-over leads to chiasmata. Preceding the actual process of 

recombination, locations of possible DNA exchange are marked by the meiosis-specific 

topoisomerase II-like enzyme SPO11 which generates a few hundred Double Strand 

Breaks (DSB) throughout the genome (Figure 10) (Baarends and Grootegoed, 2003; 

Carpenter, 1975; Keeney et al., 1997; Moens et al., 2002). The formation of DSBs initiates 

a DNA damage response pathway, activating the kinases ATM (ataxia telangiectasia 

mutated) and ATR (ataxia telangiectasia and Rad3-related). ATM and ATR 

ÐÈÏÓÐÈÏÒÙÌÁÔÅ ÔÈÅ ÈÉÓÔÏÎÅ ÖÁÒÉÁÎÔ (ς!&8ȟ ÆÏÒÍÉÎÇ ɾ(ς!8ȟ ×ÈÉÃÈ ÒÅÃÒÕÉÔÓ ÒÅÐÁÉÒ 

Figure 9: The chromosome axis.  
Model showing a multi-layered 
organization of the chromosome 
axis. Figure from Oritz et al. 2016. 
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proteins to sites of DNA damage. In mice a complex of recombination specific proteins, 

RAD50, MRE11 and XRS2, removes SPO11 and leads ÔÏ ÔÈÅ ÄÅÇÒÁÄÁÔÉÏÎ ÏÆ ÔÈÅ υȭ-ends by 

ÅØÏÎÕÃÌÅÁÓÅÓȢ 4ÈÉÓ ÐÒÏÃÅÓÓ ÉÓ ÃÁÌÌÅÄ ȰÅÎÄ-reseÃÔÉÏÎȱ ÁÎÄ ÐÒÏÄÕÃÅÓ σȭ-overhangings at the 

sites of DSBs (Figure 10)Ȣ 4ÈÅ σȭ-overhangings are bound by RAD51 and DMC1, forming 

the early recombination nodules (ENs), which can 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, RAD55-57 and RPA 

homologous regions can be bound and the DNA helix can be unwound. During the 

ÆÏÌÌÏ×ÉÎÇ ÓÔÒÁÎÄ ÅØÔÅÎÓÉÏÎ ÔÈÅ σȭ-strand infiltrates the homologue region and expands 

its binding site forming the characteristic D-loop formation (Figure 10). This partial 

region of homologue binding is called a heteroduplex. Specialized proteins (MSH2-

MSH6, MLH1--,(σȟ 0-3ςȟ ",- ÁÎÄ 4/0/)))ɻɊ ÒÅÃÏÇÎÉÚÅ ÔÈÉÓ ÓÔÒÕÃÔÕÒÅ ÁÎÄ ÓÔÁÒÔ 

repairing the DNA damage via DNA synthesis and ligation. Transformed recombination 

nodules are formed (TNs). They can be detected on the AEs during the zygotene phase of 

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

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

cross-over formations and gene conversions. The two pathways leading to either of 

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

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

restores the damaged allele completely or gene conversion occursȢ $ÕÒÉÎÇ $3"2 ÔÈÅ σȭ-

ends are prolonged and double holiday junctions (dHJ) are formed. By cutting the 

crossed DNA regions of dHJs in different ways, crossovers, non-crossovers and gene 

conversions are possible. Only about 25 of the TNs will lead to crossing-over events. 

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

recombination nodules (RNs), which will lead to crossovers (Cohen et al., 2006).  
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Figure  10: Reparation of d ouble strand breaks.  
The two reparation pathways of double strand breaks (DSBs) are shown. (a and b) DSB 
formation and strand invasion. (c) Double-strand-break-repair pathway. (d) Synthesis-
dependent strand-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, are mutual dependent 

on each other. If one is flawed, so is the other (Bolcun-Filas et al., 2009; Hamer et al., 

2008). However, the contribution of CCs in recombination is still not very well 

understood. It was shown, though, that SMC1ß is needed for successful recombination 

and formation of chiasmata (Hodges et al., 2005). It is also known that in somatic cells 

3-#ρȟ 3-#σ ÁÎÄ ɻ-kleisins are phosphorylated by the two kinases ATM and ATR at sites 

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








































































































































































