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Stellingen
1. SCP2 is betrokken bij zusterchromatiden-cohesie tot aan anafase 1.
dit proefschrifi
2. SCP2 en SCP3 stabiliseren crossovers tussen homologe chromosomen tijdens
laat diploteen en metafase I.
dit proefschrift
3. Spreidpreparaten zijn niet geschikt voor nauwkeurige immunolocalisatiestudies

wegens artefacten die ontstaan tijdens de spreidprocedure
Schmekel et al., Exp. Cell Res. 226; 20-30

dit proefschrift
4, SCP2 van de rat vertoont veel structurele en mogelijk ook functionele
overeenkomsten met Redl van gist.
dit proefschrift
5. Microchip array technologie maakt de bestudering van het geheel van

complexe biochemische pathways mogelijk. Daarmee krijgt de biologie naast
reductionistische ook holistische gereedschappen ter beschikking.

6. De complexe wisselwerking tussen de biosfeer en de andere sferen van onze
planeet (de geosfeer, de hydrosfeer en de atmosfeer) vertoont
hoogstwaarschijnlijk een zelforganiserend karakter. De madeliefjesplaneet van
James Lovelock vormt een goede aanzet voor een studie aan de cybemetische
eigenschappen van de aarde.

7. Aangezien de prognose voor kanker aan de cervix gerelateerd is aan het type
human papiloma virus aanwezig in de tumor, zal DNA-diagnostiek bij deze
vorm van kanker een belangrijke rol gaan spelen in de ontwikkeling van
specifieke behandelingen voor de patient.

Lombard et al., J. Clin. Oncol. 16: 2613-2619

8. De aanstellingsduur van een OIO zou gecorreleerd moeten zijn aan de grootte
van het eiwit dat hij/zij bestudeert.

9. De aarde verschaft genoeg om tegemoet te komen aan ieders behoefte, maar
niet aan ieders hebzucht.
Gandhi
10.  Voor een goeie stelling gaat men naar de Gamma

Stellingen behorend bij het proefschrift “SCP2, a major protein component of the axial
elements of synaptonemal complexes™ in het openbaar te verdedigen op 10 maart 1999
door Marjolijn Schalk,



De feiten horen alleen maar tot de opgave, niet tot de oplossing.

Wittgenstein
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Chapter 1

General introduction



Chapter 1

Meiosis
Nearly all our body cells are diploid, i.e., they contain two sets of chromosomes, one
of maternal and one of paternal origin. The gametes are exceptions to this rule,
because they are haploid and contain only one set of chromosomes per cell. At
fertilization, two haploid gametes fuse to form a single diploid cell, the zygote, which
is the first cell of a new, diploid individual. Meiosis is the counterpart of fertilization
because it marks the transition from the diploid to the haploid phase of the life cycle. It
consists of two successive divisions, meiosis I and meiosis I, which follow a single
round of DNA replication. Meiosis I is the reductional division by which the
chromesome number is reduced from diploid te haploid, and meiosis II is an
equational division (Fig. 1). The life cycles of all sexually reproducing eukaryotes
display such an alternation of diploid and haploid generations of cells, and meiosis
plays a provital role in the life cycle of all these organisms. The investigations
described in this thesis make part of a research line that is focused on the events during
meiosis L

After premeiotic S-phase, during the prophase of meiosis I, homologous
chromosomes pair, and between the paired chromosomes proteinaceous structures, the
synaptonemal complexes (SCs), are formed. Two paired chromosomes constitute a
bivalent. In a bivalent, the non-sister chromatids of homologous chromosomes
exchange genetic material, which results in crossovers and gene conversions. At the
end of prophase I, SCs disassemble; during diakinesis and metaphase I, the
homologous chromosomes remain connected at the chiasmata (see Fig. 1), which
represent the sites where a crossover between non-sister chromatids occurred. The
chiasmata are required to connect the homologues, while these ortent themselves in the
metaphase I spindle. In anaphase I, the chiasmata are resolved and the homologous
chromosomes disjoin. During the second meiotic division, the sister chromatids of
each chromosome segregate. Thus, starting with one diploid cell, the two divisions of

meiosis result in four haploid cells.
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Figure 1. Meiosis. Meiotic chromosome behavior is schematically represented for a cell with
two homologous chromosomes. One round of DNA replication precedes the two meiotic
divisions so that each chromosome consisis of two chromatids when meiosis starts.
Subsequently the homologous chromosomes pair and non-sister chromatids of homelogous
chromosomes recombine during prophase 1. At metaphase I, the homologous chromosotmes siay
connected at the chiasmata so that chromosome pairs rather then individual chromosomes
orient themselves in the spindle. At anaphase 1, the chiasmata are resolved and the homologous
chromosomes disjoin. A second meiotic division follows in which the sister chromatids
separate (From Murray and Hunt, 1993).
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The synaptonemal complex

Meiotic prophase I is subdivided in several stages according to the state of assembly or
disassembly of SCs. In leptotene, proteinaceous axes (axial elements) are formed
along each chromosome; the two sister chromatids of each chromosome are associated
by a single axial element. In zygotene, the axial elements of homologous
chromosomes become connected by transverse filaments (TFs), a process called
synapsis. In pachytene, synapsis along the length of the chromosomes is complete.
Between the axial elements, a third longitudinal structure is formed, the central
clement {CE). The axial elements, TFs and CE, together constitute the SC (Fig. 2). In
the context of the SC, the axial elements are also called lateral elements (LLEs). During
diplotene, the axial elements desynapse and at diakinesis the axial elements
disassemble. In the first section of this introduction I will give an overview of the

possible functions of the SC in chromosome pairing, recombination and segregation.

Figure 2. Structure of the synaptonemal complex. Panel A shows a schematic representation of
the structure of the SC, Indicated are the two lateral elements (LE), the transverse filaments
(TF) and the central element (CE), and the chromatin of the sister chromatids of each
chromosome (resp. chr.1, chr.2, chr.3 and chr.4), which is attached in loops to the LEs. Pancl B
shows an SC in an ultrathin section of spermatocytes of Blaps cribrosa (from Schmekel, 1993).
Indicated are the lateral elements (LE), the central element (CE), the transverse filaments
(TFs), the attachments plaque {AP) at the end of the SC and the nuclear envelope (NE). Bar
represents 100 mm.
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Chromosome pairing

Since SCs are present between paired homologous chromosomes it seemed likely that
they establish chromosome pairing. However, pairing of homologous chromosomes
precedes SC formation (Scherthan er al., 1992; 1996). In some organisms,
homologous chromosomes are already paired in pre-meiotic cells (Weiner and
Kleckner, 1994), so the SCs seem not to be required to establish chromosome pairing.
Furthermore, at least two organisms do not display detectable SCs, but nevertheless
perform meiosis (Egel-Mitani et al., 1982; Bihler ef al., 1993). Possibly, the
premeiotic and meiotic pairing of homologous chromosomes are established by
unstable interactions (Kleckner and Weiner, 1993; Weiner and Kleckner, 1994), which

are stabilized by SCs as meiosis proceeds.

Recombination

Meiotic recombination takes place between non-sister chromatids of homologous
chromosomes. Tt is generally assumed that meiotic recombination occurs according to
the double strand break repair model (Sun et al., 1991; Szostak et al., 1983) (Fig. 3).
According to this model, recombination is initiated by a double strand break (DSB) in
a single chromatid. Resection of the 5 ends of this DSB results in two 3’ single
stranded tails. One of these tails can invade one of the chromatids of the homoelogous
chromosome and as a consequence a D-loop is formed at this chromatid (Fig. 3).
Repair synthesis is primed from the 3" end of the invading strand and the D-loop is
enlarged. This D-loop can anneal to the complementary ssDNA tail of the invading
chromatid and also on this chromatid repair synthesis is initiated. This mode) predicts
the presence of heteroduplex DNA on the two recombining chromatids as a
consequence of the strand invasion and annealing of the D-loop. Branch migration
produces two Holliday junctions which can be resolved as a crossover or a non-
crossover event (gene conversion). In yeast, intermediates postulated by this model,
like DSBs, heteroduplex DNA and Holliday junctions have been demonstrated
(reviewed by Roeder, 1997).
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Spoll, Rad50, Mrell, Xrs2, Mer2
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5 3
3 5
¥ 5
I3 3

Creation of 3' overhangs ; Rad50, Mrell, Com1/Sae2

Strand invasion & [ Dmcl, Rad5t, Rad52, RadSs
D-loop formation Rad57, Sae3, Rdh34/Tid1

V4 4

DNA repair synthesis *

e ———

-»!

Branch migration }

D 4 x Double Holliday junction
Holliday junction resoluti%Zipl, Msh4, Msh5, Mlhl
Noncrossover Crossover

Figure 3. The double-strand break repair model of meiotic recombination. (From Roeder,
1997). The yeast genes that are supposed to be iavolved in each step are indicated. For further
explanation see text.
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Most of our knowledge of meiotic recombination comes from studies on
mutants in yeast that are blocked at different steps in the meiotic recombination
pathway (reviewed by Roeder, 1997) (Fig. 3). For example mrell and rad50 mutants
do not form DSBs (McKee and Kleckner, 1997; Alani ef al., 1990). rad50S, a specific
allele of rad50, forms DSBs, but these are not processed, and accumnulate (Alani et al.,
1990; Keeney and Kleckner, 1995). In rad5] mutants, DSBs are resected but strand
invasion by the single stranded DNA is abolished (Shinohara et al., 1992; Nag et al.,
1995). In most yeast mutants that are affected in recombination, meiosis is arrested or
results in non-viable spores.

In yeast, initiation of recombination by DSB formation precedes or occurs
concomitantly with SC formation (Padmore ef al., 1991). Therefore, it seems unlikely
that intact SCs are involved in the early steps of recombination. Recombination can
occur independently from intact SCs as is obvious from studies with mutants that are
defective in SC formation. For example the zip/ and red] mutants in S. cerevisize do
not assemble SCs, but still display meiotic recombination (Sym and Roeder, 1994;
Rockmill and Roeder, 1990). Furthermore, Schizosaccharomyces pombe and
Aspergillus nidulgns, which do not assemble SCs, perform a high level of meiotic
recombination (Egel-Mitani ef al., 1982; Munz, 1994; Kohli and Béhler, 1994; Egel,
1995). SC formation seems even to be dependent on initiation of recombination since
yeast mutants that are blocked in the early steps of the meiotic recombination pathway,
like spoll and rad50, do not form SCs (Giroux et al., 1989; Alani er al., 1990).
However, in the mei-P22 and mei-W68 mutants in Drosophila, which do not perform
meiotic recombination, chromosomes still synapse (McKim et al., 1998). Possibly, in
more complex genomes, synapsis is not dependent on recombination, but alternative
mechanisms for initiation of synapsis exist.

Although SCs seem not to be required for the initiation of recombination they
probably influence recombination events; In the zip/ mutant of Saccharomyces
cerevisiae, in which synapsis is abolished, crossever interference is also abolished
{Sym and Roeder, 1994). Crossover interference is the interaction between crossovers
in adjacent chromosome regions. This interaction is possibly mediated through SCs

(King and Mortimer, 1990).
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Recombination nodules

In leptotene, zygotene and pachytene, electron-dense, spherical bodies, called
recombination nodules (RNs), are observed on unsynapsed axial elements and on the
SCs (Carpenter, [988). In several organisms early and late RNs can be distinguished
on the basis of morphology and time of appearance (Carpenter, 1988). Rad51 and/or
DMC1, which are involved in strand exchange (Sung, 1994; Nag ef al., 1995}, are
components of early RNs (Anderson et al., 1997), The number and position of late
RNs corresponds with the number and position of crossovers (Carpenter, 1988), thus
these late RNs probably represent the places of crossing-over events. The position of

recombination nodules suggests that recombination occurs in the context of SCs.

Chromosome disjunction

Crossing-over events result in physical connections between homologous
chromosomes, which can be seen in metaphase T as chiasmata. These chiasmata enable
the two paired chromosomes to orient themselves o opposite poles during metaphase
I; thus they ensure a proper disjunction of chromosomes at anaphase 1. In mutants that
do not form chiasmata, homologous chromosomes detach from one another
prematurely, so that they cannot orient themselves properly at metaphase I, and

therefore do not always move to opposite poles at anaphase I,

The axial element

The axial elements, which are present along the chromosomes from leptotene up til
and including diplotene, probably play an important role in most of the functions of
SCs. Because this thesis deals with a component of the axial elements, I will focus in

this section on the structure and function of axial elements of SCs.

Structure of the axial elements

Ultrastructural analysis of axial elements in rat and mouse revealed that axial elements
contain multiple strands, which are connected by a fibrous network (de! Mazo and Gil-
Alberdi, 1986; Heyting et al., 1985). The axial elements differ from the chromatid

cores of mitotic chromosomes in that axial elements are shared by the two sister

10
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chromatids of meiotic chromosomes, whereas chromatid cores are present in each
chromatid, Furthermore, the chromatid cores in mitotic chromosomes are located in
the center of the chromatids (Rufas ef al., 1987), whereas the axial elements are
peripherally located. However, the axial elements and the chromatid cores also share
some features: topoisomerase II, which is a component of the cores in mitotic
chromosomes (Earnshaw and Heck, 1985) gradually congregates onto the axial
elements during the late stages of meiotic prophase {Moens and Earnshaw, 1989;
Klein et al., 1992). Furthermore, detailed ultrastructural analysis of axial elements
revealed that they consist of two main sub-elements (Comings and Okada, 1971,
Heyting et al., 1985; Dictrich et al., 1992). Silver-stained chromatid cores are detected
in diplotene and diakinesis at the positions where the axial elements have disappeared
in grasshopper (Rufas ef al., 1992) and in rye chromosomes (Fedotova et al., 1989). In
electron microscope observations, these cores appeared double (Rufas er al., 1992).
Possibly, the chromatid cores are present during meiosis and are asscciated through
the axial elements. They become visible as two cores as soon as the axial clements
disappear (Rufas er al., 1992),

Axial elements contain several meiosis-specific proteins (Heyting et al., 1988,
1989; Offenberg er al., 1991). In rat, two axial element components, SCP2 and SCP3,
with relative electrophoretic mobilities (M) of respectively 190,000 and 30,000-
33,000 were identified with monoclonal antibodies (Mabs) against purified SCs
{(Hevting et al, 1987, 1989). The cDNA encoding SCP3 has been isolated and
sequenced {Lammers et al., 1994) as also a partial cDNA encoding the hamster
homologue of SCP3, called CORI (Dobson ef al, 1994). In yeast, two meiosis-
specific proteins, Redl and Hopl, were identified that are associated with the axial
elements of SCs (Smith and Roeder, 1997, Hollingsworth and Byers, 1989). And in
lily, a meiosis-specific component of axial elements was identified by means of a Mab
(Anderson er al., 1994),

Possible functions of axial elements inclade: 1. Chromatin organization. 2. Sister
chromatid cohesion. 3. Chiasma maintenance. 4. Regulation of recombination, Each of

these functions will be considered here.

11
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Chromatin organization

During meiosis the chromatin is organized in loops, which are attached at their base to
the SCs. The size of the loops is species-dependent and can vary from 2 to 200 kb,
depending on the species. Vazquez Nin ef @l (1993) have shown that in meiotic
chromosomes the DNA extends into the axial elements, while the central region of
SCs is free of DNA. Paossibly, the chromatin is organized in loops that run through the
axial elements. The organization in loops resembles the mitotic chromatin
organization, where loops are attached to chromosome scaffolds. In mitotic
chromosomes, the sequences that are bound to the scaffold are called scaffold
attachment regions (SARs). SARs are AT-rich and as a result they have a narrow
minor groove (Nelson et al., 1987). Preparations of SCs are enriched in GT/CA
tandem repeats and LINE and SINE sequences (Pearlman et af., 1992), so these
sequences are possibly at the basis of meiotic chromatin loops. Whether SAR
sequences are also at the basis of chromatin loops in meiotic prophase still has to be

sorted out.

Sister chromatid cohesion

Cohesion between the sister chromatids ensures that they do not separate prematurely.
Several hypotheses have been put forward how cohesiveness is established. Murray
and Szostak (1985) proposed that sister chromatids are associated by DNA
catenations, which remain from DNA replication, and that at the metaphase/anaphase
transition, topoisomerase I is responsible for the decatenation of the intertwined sister
chromatids. It is also possible that stable attachments between sister chromatids are
mediated by proteins (Holloway et al., 1993).

During meiosis sister chromatid cohesion is released in two steps; cohesion
along the chromatid arms, which is released at the metaphase Ifanaphase I transition,
and cohesion at the centromeres, which is released at the metaphase II/anaphase 11
transition. In Drosophila, two proteins have been identified that are possibly involved
in these two phases of sister chromatid cohesion; ord and mei-S332 (Miyazaki and
Orr-Weaver, 1992; Goldstein, 1980). Flies which have a mutation in the ord gene are

defected in sister chromatid cohesion during meiosis [ and meiosis 11 as revealed by

12
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cytological and genetical analysis (Bickel et al.,, 1997). Mutations in the mei-§332
gene cause a defect in sister chromatid cohesion in late anaphase I, which results in
non-disjunction at meiosis II (Goldstein, 1980). Mei-5332 has been localized to the
centromeric regions of meiotic chromosomes from prophase I until anaphase II
(Kerrebock er al., 1995). In hamster, the localization pattern of the COR1 protein, the
homologue of SCP3, suggests a possible role of this protein in both modes of sister
chromatid cohesion; it is present along the axial elements between the sister
chromatids until diplotene and at the centromeres until anaphase II (Dobson ef al.,
1994; Moens and Spyropoulos, 1995). COR [/SCP3 may act as a binding substance
between the two chromatids, or as an inhibitor of topoisomerase II, which prevents
decatenation of the sister chromatids along the chromosome arms until metaphase I,
and at the centromeres until anaphase II.

Axial element components are present between sister chromatids as long as
cohesion along the chromatid arms exists. Therefore, a function of axial elements in
sister chromatid cohesion seems likely. The rec8 mutant in §. pombe does not form
axial elements and in this mutant the sister chromatids separate prematurely (Molnar ef
al., 1995). Since axial elements disappear at diakinesis, they cannot be involved in
sister chromatid cohesion at the centromeres after anaphase 1. However in
grasshopper, strands can be detected between the two sister kinetochores by silver
impregnation in metaphase II (Rufas ef al, 1989). Such centromeric filaments were
also observed in mouse (Tandler and Solari, 1991) and several other organisms among
which rat (Solari and Tandler, 1991). These centromeric filaments are possibly a
remnant of axial elements, which provide sister chromatid cohesion at the centromeres

until anaphase II.

Chiasma maintenance

As mentioned above, reciprocal recombination between non-sister chromatids provides
connections between homologous chromosomes which can be seen in metaphase I as
chiasmata, and which ensure a proper segregation of the chromosomes at the first
meiotic division. Mutants that are defective in recombination, display a high frequency

of chromosome non disjunction at meiosis I. However, many mutants exist that have a
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normal or slightly reduced level of recombination but nevertheless show a high level of
non-disjunction of homologous chromosomes. For example, in the ord mutant in
Drosophila, crossing-over is only slightly affected, but at the first meiotic division
both exchange and non-exchange chromosomes segregate improperly (Mason, 1976;
Miyazaki and Orr-Weaver, 1992). As mentioned above, the ord mutant is affected in
sister chromatid cohesion and this cohesion, distal from the chiasmata, probably
stabilizes the chiasmata at metaphase [, as is shown in the model in Fig. 4A. It seems
likely that axial element components that are involved in sister chromatid cohesion,
also stabilize chiasmata; Redl is possibly a component of the axial elements in S
cerevisige (Smith and Roeder, 1997). In the red/ mutant axial element formation is
abolished, and both exchange and non-exchange chromosomes missegregate at
anaphase I (Rockmill and Roeder, 1990).

As proposed by the alternative model in Fig. 4B, stabilization occurs by
chiasma binders. However no possible candidate-chiasma binders have been identified
yet (reviewed by Carpenter, 1994).

A

chr. 1
chr. 2

-~ chiasma

chr. 3
chr. 4

Figure 4. Two modeils for chiasma stabilization. Shown are two homologous chromosomes,
which are connected by a chiasma. Indicated are the four chromatids in a bivalent (resp. chr. 1,
chr. 2, chr. 3 and chr. 4), the centromeres {c} and the chiasma, In model A, the chiasma is
stabilized by sister chromatid cohesion (shown in gray) distal to the chiasma. In model B, the
chiastna is stabilized by chiasma binders (shown in gray). The models are not mutually exclusive.
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Regulation of recombination

Knowledge about possible functions of axial element components in recombination
comes from studies on yeast. In a red! mutant, the number of crossovers is decreased
to 25% of the wild type level, whereas intrachromosomal recombination is not
affected (Rockmill and Roeder, 1990). Because the red/ mutation does not cause a
meiotic arrest, and can even alleviate the meiotic arrest in rad51, dmcl and zipl
mutants, Redl is possibly involved in the signaling of recombination intermediates
(Xu ¢t al., 1997). Red] does probably not act in the intrachromosomal pathway (Mao-
Draayer et al., 1996). This view was supported by Schwacha and Kleckner (1997) who
showed that in a red! mutant the formation of recombination intermediates between
homologues is reduced to 25 % of wildtype level, whereas the formation of
recombination intermediates between sister chromatids is not affected. They concluded
that Redl is responsible for the interhomologue bias that exists during meiosis and
exerts its function prior or during DSB formation. Through Redl the DSBs are
directed into the interhomoltogue-only pathway {Schwacha and Kleckner, 1997).

At the time of DSB formation, SCs are not yet formed (Padmore et al., 1991).
However, it is possible that axial element components, like Red], are already present
and influence DSB formation so that recombination between homologues is enhanced.
Possibly, axial element formation is nucleated from these recombination initiation
sites,

In summary, the axial elements possibly are involved in the organization of the
chromatin in loops and in sister chromatid cohesion, chiasma stabilization and in

enhancing recombination between homologues rather than between sister chromatids.

Aim of this thesis

Most of our knowledge about the role of axial elements during meiosis comes from
studies on mutants in yeast and several other organisms that are somehow disturbed in
axial element formation (see above). Identification and analysis of individual
components of axial elements will increase our knowledge of molecular mechanisms

that underlie chromosome pairing and recombination. Offeaberg (1993) has described
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the identification of two axial element components of SCs in rat, SCP2 and SCP3.
This thesis focuses on SCP2.
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Abstract. In the axial elements of synaptonemal complexes (SCs) of the rat, major
protein components have been identified, with relative electrophoretic mobilities (M s)
of 30,000-33,000 and 190,000. Using monoclonal anti-SC antibodies, we isolated
cDNA fragments which encode the 190,000 M, component of rat SCs. The translation
product predicted from the nucleotide sequence of the ¢cDNA, called SCP2 (for
synaptonemal complex protein 2), is a basic protein (pl = 8.0) with a molecular mass
of 173 kDa. At the C-terminus, a stretch of about 50 amino acid residues is predicted
to be capable of forming coiled coil structures. SCP2 contains two clusters of S/T-P
motifs, which are common in DNA-binding proteins. These clusters flank the ceniral,
most basic part of the protein (pI = 9.5). Three of the S/T-P motifs are potential target
sites for p34™ protein kinase. In addition, SCP2 has eight potential cAMP/cGMP-
dependent protein kinase target sites. The gene encoding SCP2 is wranscribed
specifically in the testis, in meiotic prophase cells. At the amino acid sequence and
secondary structural level, SCP2 shows some similarity to the Redl protein, which is
involved in meiotic recombination and the assembly of axial elements of SCs in veast.
We speculate that SCP2 is a DNA-binding protein involved in the structural organiza-

tion of meiotic prophase chromosomes.
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Introduction

During meiotic prophase, chromosomes are arranged in an orderly manner along
proteinaceous axes called axial elements (Von Wettstein ez af., [984). These elements
differ from mitotic metaphase chromatid scaffolds because 1. the two chromatids of a
meiotic prophase chromosome share a single axial element, whereas the chromatids of
a metaphase chromosome have each their own scaffold; 2. the major protein
components of axial elements are meiosis-specific and thus not found in chromatid
scaffolds (Heyting ef al,, 1989); and 3. axial elements are longer than metaphase
chromatid scaffolds, and morphologically better defined. Axial elements and
chromatid scaffolds can both be visualized by silver impregnation techniques, at least
in certain types of microscopical preparations of spread cells (Howell and Hsu, 1979;
Rufas er al., 1982; Rufas ef al., 1992; Earnshaw and Laemmli, 1984; Stack, 1991).

As meijotic prophase proceeds, the axial elements are incorporated in zipperlike
structures, called synaptonemal complexes (SCs), which keep homologous
chromosomes in close apposition along their length (Von Wettstein et al., 1984).
Meiotic recombination probably initiates just before or simultaneously with axial
element assembly, and the assembly of full length axial elements appears to depend
upon the initiation of meiotic recombination by double-strand DNA scission, at least in
yeast (Padmore et al.,1991). At the end of meiotic prophase, the SCs are disassembled
at about the same time when recombination intermediates are resolved (Schwacha and
Kleckner, 1994), and within each homolog the two separate scaffolds of the sister
chromatids gradually become discernable (Rufas er al., 1992). At the sites of
reciprocal recombination between non-sister chromatids of homologous chromosomes,
the scaffolds of the recombined chromatids "cross over” (Rufas er al., 1992; Stack,
1991) to form chiasmata, which contribute to the physical connection between
homologs. In most eukaryotes, such connections are essential for the proper
oricntation of bivalents at metaphase 1.

The relation between axial elements and sister chromatid scaffolds remains to be
elucidated. In mitotic chromosomes, the sister chromatids do not normally share one
axis, although single axes of a similar length as axial elements have been demonstrated

by silver impregnation along mitotic chromosomes that were forced to condense from
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G2 in the presence of a topoisomerase II inhibitor (Giménez-Abidn et al., 1995).
These single G2 axes probably- represent the still unseparated sister chromatid
scaffolds. Although axial elements of SCs are morphologically more similar to these
single G2 chromosome axes than to metaphase chromatid scaffolds, there are also
important differences, because axial element assembly is part of normal meiotic
chromosome behaviour and does not require cell cycle drugs and topoisomerase I1
inhibitors, and because the major protein components of axial elements are specific for
meiotic prophase (Heyting et al., 1987, 1988, 1989; Offenberg ez al., 1991). In the rat,
these meiosis-specific components have relative electrophoretic mobilities (Ms) of
30,000-33,000 and 190,000 (Heyting er al., 1987; 1988, 1989, Offenberg ¢t al., 1991),
of which the 30,000-33,000 M components are most probably products of a single
gene, Scp3 (Lammers et al., 1994). In yeast, at least two candidate components of
axial elements have been identified, namely Hopl and Redl (Holiingsworth et al.,
1990; Rockmill and Roeder, 1990; Smith and Roeder, 1997), which are alsc meiosis-
specific. It is possible that the axial element of a meiotic prophase chromosome is
formed after premeiotic S-phase by association of meiosis-specific proteins with the
still undivided chromosome scaffold (Rufas et al., 1992). Alternatively, an entirely
meiosis-specific axial element is assembled at the beginning of meiotic prophase,
which is replaced by the two sister chromatid scaffolds when the axial element is
disassembled. To distinguish between these possibilities, it is necessary to characterize
the axial element components, and analyse their interaction with chromatin, in
particular with the special DNA-regions called SARs (scaffold attachment regions,
Laemmli er al., 1992), by which chromatin is attached to chromatid scaffolds.

Why meiotic prophase chromosomes should be organized on single, at least
partially meiosis-specific axial elements is another unresolved question, although
several suggestions have been made: it is possible that the axial elements fix the
chromosomes in an elongated state, and enhance the exposure of relevant pairing sites
in an ordered, longitudinal array. This could facilitate the alignment of homologous
chromosomes (Scherthan et al., 1996). Other possible functions of axial elements
include the inhibition of sister chromatid exchanges and/or the enhancement of
recombination between non-sister chromatids of homologous chromosomes

(Schwacha and Kleckner, 1994, 1996, 1997; Hollingsworth et al., 1990; Xu ef al.,
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1997), the conversion of the products of interchromosomal reciprocal recombination
into stable chiasmata that can ensure the proper orientation of bivalents at metaphase 1
(Rockmill and Roeder, 1990), and/or the generation of sister chromatid cohesiveness
(Maguire, 1990; Dobson et al., 1994).

In order to learn more about the nature and function(s) of meiotic axial ele-
ments/LEs, we study the composition of these structures. In this paper we describe the
isolation and characterization of the cDNA encoding the 190,000 M component of rat
SCs. The protein predicted from the nucleotide sequence of the cDNA, called SCP2, is
basic (pI = 8.0) and has features of a protein which is capable of binding to the minor
groove of AT-rich DNA. It shares these features with proteins that bind to SARs
(Saitoh and Laemmli, 1994), including topoisomerase 11 (Laemmli er af., 1992;
Mirkovitch et al., 1984), which is a major chromosome scaffold component (Earnshaw
and Heck, 1985). We speculate that SCP2 is involved in the organization of chromatin
during meiotic prophase, possibly by temporarily binding to SARs.

Materials and methods

The DDBJ/EMBL/GenBank accession number of the SCP2 ¢cDNA sequence is
YO8981.

Antibodies

The Mabs recognizing the 190,000 M, 8C protein in rat were elicited by immunization
of mice with rat SCs as described by Offenberg et al. (1991), Of these antibodies, Mab
IX9D5 has been described in detail by Heyting et al. (1989) and Offenberg et al,
(1991). A polyclonal antiserum (serum 493) against amino acid residues 293 to 828 of
the predicted translation product of the rat cDNA was prepared as follows: a 1604} bp
Pstl fragment of cDNA clone 5 (which encodes a major part of SCP2 of the rat, see
below) was cloned in the pQE31 expression vector (Qiagen, Chatsworth, CA, USA).
Expression and isolation of the translation product were performed by means of the

Qia expressionist system (Qiagen) according to the instructions of the manufacturer,
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Antibodies were elicited in a rabbit by eight injections of 60 ug fusion protein in 750
ul PBS, mixed with 750 pl Freund's complete adjuvant (Sigma, St. Louis, MO, USA)
{first injection), or 750 pl Freund's incomplete adjuvant (Sigma) (all following injecti-
ons). The rabbit was injected subcutancously at two-week intervals. One week after

the fourth and the sixth injection, 20 ml bleedings were collected from the ear-veins.

After the eighth injection a final bleeding of 80 ml was collected.

12345678910

Figure 1. Reaction of antibodies used in this study with SC proteins. 1.5 x 10’ 8Cs were loaded
per cm slot of a SDS-10% polyacrylamide gel and stained with Coomassie blue or transferred
to nitrocellulose. The arrows indicate from top to bottom the position of the 190,000, the
125,000 and the 30,000 and 33,000 M, SC proteins. Lane 1: 0.4 cm wide strip of the gel stained
with Coomassie blue; lanes 2 to 10; immunoblot strips of the same gel incubated in Mab
IX8B11 (2), Mab IX2G11 (3), Mab IX9D5 (4), Mab IX8FI (5), Mab IX1H9 (6), Mab IX3E4
(7, serum 493 (8), pre-immune serum 493 (9), control hybridoma supernatant (10).
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Isolation of cDNAs encoding SCP2

For the isolation of cDNAs encoding the 190,000 SC M, protein of the rat, we scree-
ned an expression cDNA library of the rat testis (Meuwissen er al., 1992) in Azap®
(Stratagene, San Diego, USA) with a pool of six independently isolated Mabs, each of
which recognizes the 190,000 M, SC protein, following described procedures
{Meuwissen er al., 1992). Among 3x10° phage clones, 10 positive clones were found
and purified. The purified clones had overlapping restriction enzyme fragment maps
and inserts ranging in length from 1.1 to 3.9 kbp. The 5' EcoRI fragment of the longest
clone, 3C1, was used for a secondary screening, and this yielded clone 5 with an insert
size of 4.4 kbp. In search of rat cDNA clones extending further in the 5' direction than
clone 5, we performed a 53' RACE experiment (Frohman er i, 1988) exactly as
described by Van Heemst et al. (1997), using oligonucleotides complementary to the
most 5' sequences of clone 5 as primers and total rat testis RNA as a template. This
yielded a DNA fragment which extended 302 nucleotides further in the 5' direction
than clone 5. We then performed new RACE experiments, using primer sets
complementary to this DNA fragment, a higher concentration of total testis RNA, and
higher temperatures during cDNA synthesis. PCR performed on the cDNA-fragments
obtained at 50°C and 52°C yielded two major products in each reaction.The longest
product of each reaction was cloned in pGEM-T (Promega, Madison, WI, USA) and
sequenced. Both (independently obtained) RACE products had identical sequences
which extended 32 basepairs further in the 5' direction, and contained a stopcodon in
frame with the first ATG codon. We therefore concluded that we had isolated and
sequenced the full-length SCP2 cDNA.

Sequence analysis

The insert of ¢cDNA clone 3Cl was subcloned into the pBluescript vector SK(-)
according to the instructions of the manufacturer (Stratagene). From both ends of the
insert of clone 3C1 we generated unidirectional sets of deletions by partial digestion
with exonuclease III and S1 nuclease using the erase-a-base kit of Promega. In
addition, we subcloned several restriction enzyme fragments of the independently iso-

lated cDNA clone 5 in pBluescript. We determined the nucleotide sequences by the di-
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deoxy chain termination method of Sanger et al. (1977), using [a-"S}JdATP (650
Ci/mmol; Amersham Corp., Buckinghamshire, UK), Tag polymerase (Gibco BRL
Life Technologies, Paisley, UK or Promega) and oligonucleotide primers
complementary to the polylinker sequences of pBluescript. The products of the RACE
experiments (see above) were cloned into the pGEM-T vector according to the
instructions of the supplier and sequencing reactions were performed in both directions
from vector-specific primers, by means of the Dye Deoxy Terminator Cycle
sequencing kit from Perkin-Elmer (Norwalk, Connecticut, USA) and the nucleotide
sequence was analyzed on a 373A stretch 48 cm WAR DNA sequencer {Applied
Biosystems, Inc., Foster City, CA, USA). The complete cDNA sequence encoding
SCP2 was assembled by means of the Wisconsin GCG sequence analysis package
(University of Wisconsin, WI, USA).

Immunocytochemical staining

Immunofluorescence staining of frozen sections of the rat testis was carried out as
described by Heyting et al. (1988) and Heyting and Dietrich (1991). Ultrastructural
localization of the antigen was performed by immunogold labeling of surface spread
rat spermatocytes essentially as described by Moens et al. (1987) and Heyting and
Dietrich {1991).

RNA isolation and northern blot hybridization

RNA was isolated from various tissues of 37-day-old rats by the GuTC/LiC] method
of Cathala er al. (1983); poly(A) RNA was purified by affinity chromatography on
oligo(dT)-cellulose (Aviv and Leder, 1972). 15 pg of RNA per 0.5 cm slot was
electrophoresed in the presence of ethidium bromide on formaldehyde/agarose gels,
and transferred to Hybond-N" membranes (Amersham Corp.) by standard procedures
(Sambrook ef al., 1989). After transfer, we verified on the basis of ethidium bromide
fluorescence, that all lanes on the northern blot membranes contained a similar amount
of RNA. The membranes were washed in 3x SSC, dried and fixed with UV light (312
am; 200 J/m’) for two minutes. As probes for northern blot hybridization we used

RNA transcripts of a 3' deletion clone, which had been linearized with HindIII.
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Transcription was performed from the T7 promotor in the presence of [o-"P]rATP
(3000 Ci/mmole). The northern blot membranes were prehybridized in 50%
formamide, 5x 88C, 0.1% sodiumpyrophosphate, 1% SDS, 0.2% PVP, 0.2% Ficoll, 5
mM EDTA and 150 pg/ml sheared herring sperm DNA for 6 hrs at 60°C. Hybridiza-
tion was performed in the same mixture with 0.07 pg/ml praobe (36x10° cpm/ng) for
17 hrs at 60°C. Subsequently the blots were washed for 30 minutes at 65°C in succes-
sively 2x 88C 0.1% SIS, 1x S8C 0.1% SDS, 0.1x SSC 0.1% SDS and 0.1x SSC
0.1% SDS.

In situ hybridization

In situ hybridization was performed on 10 pm thick frozen sections of rat testes, as
described by Meuwissen et af. (1992). As a probe we used RNA that was obtained by
transcription from the T7-promoter of a linearized 3" deletion clone of clone 3CI;
probe synthesis was performed in the presence of [0-"S] tUTP (3000 Ci/fmM,
Amersham Corp.), as described by Meuwissen ef al. (1992). After hybridization and
washes, the slides were dipped in Ilford K5 nuclear track emulsion, exposed for 3

weeks at 4°C, developed in Kodak developer D19, and analyzed by dark field micros-

copy.

Other procedures

SCs were isolated as described by Heyting et al. (1985) and Heyting and Dietrich
(1991); SDS-polyacrylamide gel electrophoresis of proteins was performed according
to Laemmli {1970), as described by Heyting ef al. (1985); immunoblotting was carried
out according to Dunn (1986), as described by Heyting and Dietrich (1991),

Results

Isolation of cDNAs encoding the 190,000 M_SC component (SCP2) of the rat
For the isolation of ¢cDNAs encoding the 190,000 M component of rat SCs, we

screensd a rat testis cDNA expression library, using a pool of six independently
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isolated Mabs, which had been elicited against isolated rat SCs. On Western blots
carrying SC proteins, each of these Mabs recognizes specifically the 190,000 M, SC
component, and a series of smaller fragments. We interpret the smaller fragments as
breakdown products of the 190,000 M, protein, because different Mabs recognize the
same pattern of peptide bands (compare Mab IX1H9 (Fig. 1, lane 6) and IX3E4 (Fig.
1, lane 7). Among 3x10° recombinant phage clones, this pool of Mabs recognized 10
clones, containing cDNA inserts of 1100 to 3900 nucleotides with overlapping restric-
tion enzyme maps. In order to isolate a full-length clone, we screened the cDNA
library with the 5' £coRI fragment of the clone with the longest insert, clone 3C1. This
yielded clone 5, with an insert size of 4437 bp, which extended 500 bp further in the 5'
direction than clone 3C1. By successive RACE experiments, performed on total testis
RNA as a template, we identified and sequenced 334 additional nucleotides at the 5'
end.

The nucieotide sequence of clone 3C1 and parts of the sequence of clone 5 were
determined, and no discrepancies were found. The nucleotide seguence of the
complete cDNA, as assembled from the sequences of clone 3C1, clone 5, and the
products of the RACE experiments, contains a single open reading frame of 4515
nucleotides, which encodes a 173 kDa protein consisting of 1505 amino acids (Fig, 2).
Nucleotide 154 to 156 is assigned as the translation start codon because it is the first
in-frame ATG codon; 135 to 133 nucleotides upstream of this ATG codon (position 19
to 21 in Fig. 2) there is an in-frame stopcodon.

We think that the nucleotide sequence in Fig. 2 represents the full-length cDNA
sequence encoding the 190,000 M, SC protein of the rat, for the following reasans: (i)
the recombinant gene product is recognized by four of the six independently isolated
Mabs that were used for screening (not shown). (ii) The predicted pI (8.0} is in good
agreement with the pI (8) of the 190,000 M, component as observed in two-dimensio-
nal separations of SC proteins (Offenberg, 1993). (iii) A polyclonal antiserum, elicited
against the translation product of part of the cDNA, serum 493, reacts specifically with
the 190,000 M, SC component on a Western blot, carrying SC proteins (Fig. 1), and a
series of peptide bands, which are also recognized by two of the Mabs (compare Fig. |
lane 8 with lane 6 and 7), and which we interpret as breakdown products of the
190,000 M SC component.
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Chapter 2

(iv) In frozen sections of the testis, serum 493 reacts specifically with nuclei of meio-
tic prophase cells (spermatocytes): the immunofluorescence patiern in Fig. 3 is
virtually identical to the pattern obtained with the Mabs that were used for screening

(compare Fig. 3 of this paper with Fig. 3a in Offenberg er al.(1991)).

Figure 3. Frozen section of rat testis after immunofluorescence staining with serum 493
(elicited against the translation product of part of the SCP2 ¢cDNA). (A), immunocfluorescence,
and (B}, phase contrast of the same section. The centre of the micrographs shows a cross-
sectioned tubule which is in developmental stage XIII because it contains two layers of
spermatocyles; these are in zygotene (2} and diplotene (d) (Leblond and Clermont, 1952). The
cell layer outside the spermatocytle layers contains spermatogonia (g); the cells inside the
spermatacyte layers are speematids (t), between the tubules, there are interstitial cetls (1). The
upper right corner of the micrographs shows part of a stage VII to IX tubule, because it
contains a single layer of relatively large spermatocytes; these are in mid-late pachytene (Ip)
(Leblond and Clermont, 1952), Bar represents 150 pm.
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