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General Introduction

Chapter 1

General introduction
An overview of meiosis
In sexually reproducing organisms, the formation of gametes requires a reduction of the
chromosomal complement from the diploid to the haploid level. Restoration of the diploid
chromosomal complement occurs when two gametes fuse to form a zygote.
The halving of the number of chromosomes is achieved by a specialized type of division
called meiosis. Meiosis differs from mitosis in several important respects. First, during
meiosis, a single round of DNA replication is followed by two successive nuclear
divisions designated meiosis I and meiosis II (Figure 1), so that four haploid cells are
produced from a single diploid cell. Second, during mitosis, the two sister chromatids,
which are produced by replication of each chromosome during S-phase, are aligned between two poles at metaphase and move to opposite poles at anaphase, whereas at meiosis
I the two sister chromatids behave as a single unit. Instead of the two sister chromatids,
the two versions of each chromosome, which each diploid cell contains (homologs), align
to form a pair or bivalent. The homologs, each consisting of two sister chromatids, move
to opposite poles at anaphase I. At anaphase II, the sister chromatids separate, as in
mitosis. Third, during the prophase of meiosis I, the level of homologous recombination
is several orders of magnitude higher than during mitosis. And fourth, during meiosis
recombination occurs primarily between non-sister chromatids of homologous chromosomes, whereas during mitosis recombination occurs predominantly between sister chromatids. Some recombination events between non-sister chromatids result in crossing-overs,
which at a later stage of meiotic prophase can be observed cytologically as chiasmata, i.e.
sites where non-sister chromatids of homologs appear to be physically connected. Normally, at least one crossing-over between non-sister chromatids of homologs is found per
bivalent.
Apart from these differences, the mitotic and meiotic division share several characteristics. It is therefore attractive to speculate that meiosis evolved from the mitotic division.
It is of great interest to analyse whether and how the mitotic division has been adapted to
provide a reliable machinery for the reduction of the ploidy level and the generation of
genetic diversity. It is of fundamental importance for eukaryotic genetics to understand
the meiosis-specific mechanisms at the molecular level. This thesis focuses on the
molecular analysis of a meiosis-specific nuclear structure, the synaptonemal complex,
which appears to be involved in meiotic chromosome pairing and recombination. The
detailed molecular analysis of one protein component of this structure is described.
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Figure 1: Schematic representation of meiosis compared to mitosis. Only one set of homologous chromosomes is shown. Pairing of (duplicated) homologous chromosomes is specific for meiosis. Meiosis consists of
two successive, nuclear divisions. Each diploid cell which undergoes meiosis thus produces four haploid
gametes (from Alberts et al., 1983).
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The synaptonemal complex (SC)
In almost all sexually reproducing eukaryotes analysed thus far, a proteinaceous structure,
the synaptonemal complex (SC), is formed between homologous chromosomes (reviewed
by von Wettstein et al., 1984). At the beginning of meiotic prophase (leptotene), the two
sister chromatids of each chromosome develop a single proteinaceous axis, the axial
element. These axial elements are then connected by numerous transverse filaments (TFs)
to form the structure of a SC. Between the axial elements, a third longitudinal structure,
the central element (CE), is formed. The axial elements, together with the CE, make up
the tripartite structure of the SC (Figure 2). Within the context of this tripartite structure,
axial elements are also called lateral elements (LEs). At the pachytene stage, homologous
chromosomes are connected by the tripartite structure along their length. At diplotene, the
SCs are disassembled. In mammals, the TFs and CE disappear first and the axial
elements later. At the end of diplotene, the scaffolds of the individual sister chromatids
become discernable (Rufas et al., 1992), whereas the axial elements disappear.
Molecular-genetic analysis of SCs and their components has mainly been carried out in
the budding yeast Saccharomyces cerevisiae whereas biochemical analysis has been
focussed on rodents. In yeast a large number of meiotic mutants have been analyzed and
from these analyses several candidate SC components were identified (reviewed by
Roeder, 1995). Major disadvantages of yeast as research organism are the small size of
yeast chromosomes and the absence of protocols for isolation of SCs.
A procedure to isolate 60-80 % pure SCs from rat has been developed by Heyting et al.
(1985, 1987). The polypeptide composition of isolated SCs is still quite complex (Heyting
et al., 1987, 1989). Three components of rat SCs were identified by means of monoclonal
antibodies elicited against preparations of isolated SCs. Two of the identified components,
a Mr 30,000-33,000 and a Mr 190,000 component were localized in the axial elements in
synapsed and unsynapsed segments (Heyting et al, 1987, Moens et al., 1987, Heyting et
al., 1989), whereas one component was localized in the region between the LEs in
synapsed segments of SCs (Meuwissen et al., 1992). All proteins were specific for
meiotic prophase nuclei and were not found in the nuclear lamina or in mitotic chromosomes (Heyting et al., 1988; Offenberg et al., 1991). Moreover, in spermatocytes they
were all detected from the zygotene stage up to and including diplotene (Offenberg et al.,
1991). Despite the characterization of a number of putative SC components in yeast and
an extensive search for yeast homologs of the rat SC components (Meuwissen et al,
1992, Offenberg et al., 1998 and Lammers et al., 1994; Chapter 2), no SC proteins have
been found that show conservation between yeast and rodents at the amino acid sequence
level. Perhaps only structural characteristics of SC-proteins have been conserved, and not

Chapter 1

the primary amino acid sequence.
As a first step in the analysis of the properties and functions of the identified SC proteins,
cDNAs encoding these SC components were isolated by screening an expression cDNA
library by means of the monoclonal antibodies. The cDNAs encoding the Mr 125,000 and
Mr 190,000 proteins were isolated and sequenced. The translation product of the cDNA
encoding the Mr 125,000 protein, which was designated .synaptonemal complex protein 1
(SCP1, Meuwissen et al., 1992), is a protein which contains a long domain capable of
forming coiled coil structures, which is flanked by the N-terminal and C-terminal domain
of the protein. The C-terminal domain can bind to DNA in vitro (Meuwissen et al.,
submitted). The translation product of the cDNA encoding the Mr 190,000 protein,
designated SCP2 (Offenberg et al., 1998), contains several motifs that could be involved
in DNA-binding. When I started this investigation, the cDNA encoding the Mr 30,000
and 33,000 proteins had not yet been been isolated. Insight into the properties and functions of these LE components together with those of SCP2 might provide a molecular basis
for understanding the function of the lateral element.
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Figure 2: Schematic representation of the assembly and disassembly of the SC. During leptotene,
proteinaceous axesbegin to develop along homologous chromosomes. Zygotene beginswhen synapsis of the
homologs starts. When synapsis is completed the stage of pachytene begins. During diplotene the SC starts
to disassemble, after which, the SC disappears and the scaffolds of sister chromatids become discernible.
LE: lateral element, TF: transverse filament and CE: central element.
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Meiotic recombination and the assembly of synaptonemal complexes: a short
overview
Before addressing the possible functions of the lateral element, I will briefly summarize
current models concerning the events of meiotic prophase leading to pairing and recombination, which are mainly based on studies performed with yeast (for more detailed
reviews, see e.g. Kleckner (1996), Roeder (1995) and Loidl (1994)).
In yeast, meiotic recombination is initiated, at the molecular level, by a DNA doublestrand break (DSB). The 5'-termini are then quickly recessed, leaving 3' single-stranded
tails. These tails invade a non-sister duplex of the homolog, generating heteroduplex
DNA (Nag et al., 1995). The intermediate thus formed is a double Holliday junction
which is resolved to either a crossover or a non-crossover at the end of pachytene
(Storlazzi et al., 1995).
At the cytological level, an early alignment of homologs is observed. Alignment and
subsequent synapsis of homologs is proposed to be guided by weak paranemic DNA-DNA
interactions which become increasingly stable when homology is encountered. Concomitantly, the axial elements are formed. At a number of interstitial positions these approach
one another till a distance of 200-300 nm (Albini and Jones, 1987). At these sites, called
'association sites' electron-dense particles, called nodules, are often seen. Nodules are
believed to be involved in homology search at early stages of meiotic prophase (early
nodules; Carpenter (1994)) and in the recombination process at later stages (late nodules;
Zickler et al., 1992, Carpenter, 1994, Sherman and Stack, 1995). Association sites are
therefore proposed to be involved in homology search and/or the early steps in recombination (Rockmill et al., 1995). After association sites have been formed, the axial elements of homologs approach one another more closely, up till 100 nm, and are connected
along their length by the tripartite structure (Loidl, 1994). When the SC disassembles (at
diplotene) homologs remain connected at positions where a crossover has occurred. These
are the so-called chiasmata, which persist until homologs are separated at anaphase I.
Timing of the events observed at the molecular and cytological level has been extensively
analysed in yeast (Table 1). Multiple interstitial interactions between homologs are
already present before pre-meiotic S-phase, and lost during DNA replication (Weiner and
Kleckner, 1994). Interhomolog interactions reappear prior to or concomitant with the
formation of DSBs, at a time when association sites become visible. The formation of
DSBs precedes the formation of tripartite SC (Padmore et al., 1991), which is complete
at the time that double Holliday junctions are observed (Sehwacha and Kleckner, 1995).
At the DNA-level, mature recombinants appear at late pachytene (Goyon and Lichten,
1993), when the SC starts to dissassemble.
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An attractive model places a number of these events in a single progressive pathway
(Kleckner, 1996). First, multiple interstitial interactions are promoted at selected positions
along each chromosome pair, and these positions are later used for the initiation of
recombination. These selected sites are organized at the bases of the chromatin loops, i.e.
on the axial elements. Initiated recombination (DSBs) might trigger SC formation.
Processed DSBs give rise to both crossover and non-crossover recombinants (Storlazzi et
al., 1995) which appear when the SC disassembles.
Table 1: Timing of events during meiotic prophase (adapted from Kleckner, 1996andPadmoreet
al., 1991).

'DNA'

EM/LM

Pre-Lept.

Leptotene

pairing

DSBs

AEs

Zygotene

Pachytene

Diplotene

DHJs rec

SC-form.

trip.SC

SC disass.

'DNA': events at the molecular level, EM/LM: events at the cytological level (electron and light microscopy),
AEs:axialelements,DHJs:doubleHollidayjunctions, rec:recombinants, trip.:tripartite.

Possiblefunctions oftheSC
The function of the SC is still unclear. Initially, SCs were considered necessary for
pairing of homologous chromosomes and to provide the correct framework for recombination to occur. However, several recent findings argue against such a function. Pairing
was shown to precede SC formation (Weiner and Kleckner, 1994) and even to take place
to some extent in mutants that are defective in SC assembly (Rockmill and Roeder, 1990;
Loidl et al, 1994; Nag et al., 1995). Furthermore, recombination is initiated before SC
assembly (Table 1) and recombination can take place in the absence of tripartite SCs as
exemplified by the fission yeast Schizosaccharomyces pombe and the fungus Aspergillus
nidulans (Kohli and Bahler, 1994; Egel-Mitani et al., 1982), two organisms that do not
assemble SCs. When the function of the SC is considered, I would like to make a distinction between the lateral/axial elements and the central region (the transverse filaments
and the central element). Axial elements are present throughout most of meiotic prophase.
Together with their presence at the bases of the chromatin loops this points to a structural
function for axial elements that is necessary during the greater part of meiotic prophase.
A complete central region, however, is only present during pachytene, which might
8
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suggest a function at a specific stage of meiotic prophase, presumably in the meiotic
recombination process. The central region is believed to be involved in the regulation of
the number and distribution of crossing-overs during the recombination process ensuring
that at least one crossing-over occurs per bivalent (for a more detailed discussion see
Meuwissen, 1997). This regulation would manifest itself as crossover interference, i.e.
the presence of a crossover reduces the probability of a second crossover nearby (Mortimer and Fogel, 1974).
In this thesis, I will focus on the function of the lateral elements and some of its components.

Possible functions of the lateral elements of SCs
Several meiosis-specific functions have been suggested for SCs and their components. I
will now discuss those that could be fulfilled by the LEs or (some of) their components.
These include (1) the structural organization of the chromatin of sister chromatids such
that recombination between non-sister chromatids of homologs is promoted, and (2) the
establishment of sister chromatid cohesiveness.
Structural organization of sister chromatid chromatin such that recombination
between non-sister chromatids of homologs is promoted
• Does organization of sister chromatid chromatin on a single axis promote non-sister
interactions?
During mitotic prophase, replicated sister chromatids are closely associated along their
entire length, and apparently form a single long cylinder, which can be visualized under
special experimental conditions (Gimenez-Abian et al., 1995). As mitosis proceeds, this
cylinder splits into two thin cylinders that remain closely apposed (Sumner, 1991;
Gimenez-Abian et al., 1995). During meiotic prophase the sister chromatids appear to be
organized in a similar fashion: initially they cannot be distinguished from one another,
and develop a single axial element. At diakinesis, individual sister chromatids become
visible as each sister chromatid is organized on its own scaffold. Both mitotic and meiotic
chromatin are organized in loops that are attached to an axial structure (Paulson and
Laemmli, 1977; Moens and Pearlman, 1988; Weith and Traut, 1988). Special DNA
sequences called 'matrix attachment regions' (MARs), are bound to the nuclear matrix in
interphase and many of these (called scaffold attachment regions (SARs)) are probably
also bound to the scaffold of mitotic chromosomes (Saitoh and Laemmli, 1994). A similar
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organization might be expected for meiotic chromatin.
During mitosis recombination takes place preferentially between sister chromatids (Kadyk
and Hartwell, 1992), whereas during meiosis recombination between non-sisters is
predominant (Roeder and Stewart, 1988; Petes and Pukkila, 1995). The preferences
observed could be the result of a different structural organization of the chromatin of
sister chromatids during mitosis and meiosis. One difference between chromatin organization in mitosis and meiosis is that in meiotic prophase, the chromatin of sister chromatids
lies at the same side of the shared axial element, whereas during mitotic prophase, each
of the scaffolds is surrounded by the loops of one chromatid. A second difference is that
in mitotic metaphase sister chromatids are coiled with opposite handedness, in contrast to
meiotic sisters which are coiled with the same handedness (Boy de la Tour and Laemmli,
1988). Coiling with opposite handedness would allow a close approach of homologous
sequences whereas similar handedness would prevent close association. Perhaps coiling
with opposite handedness promotes homologous interactions between sisters during mitosis. The same could then be true for non-sister chromatids in meiosis which are also
coiled with opposite handedness (Kleckner, 1996). Thus, modification of the structural,
mitosis-like organization of the chromatin of sister chromatids during meiotic prophase
might promote recombinational interactions between non-sister chromatids of homologous
chromosomes. It is possible that components of the lateral elements are involved in sucha
meiosis-specific modification of the chromatin organization of sister chromatids.
• Are non-sister interactions promoted by bringing DSB-containing sites in the contextof
theSC?
In yeast, pairing of homologs involves multiple interstitial interactions (Weiner and
Kleckner, 1994). The number of these interactions is similar to the number of meiotic
recombinational interactions. The positions where DSBs are formed during meiotic
prophase, are accessible to nucleases in mitotic cells (Wu and Lichten, 1994). Interhomolog interactions probably precede the formation of DSBs at the same site; a point mutation
in a hotspot for meiotic recombination not only influences DSB formation in cis, but also
in trans at the corresponding site on the homolog (Xu and Kleckner, 1995). On the basis
of these observations a model was proposed in which multiple accessible sites in the
chromatin are selected for pairing interactions. Subsequently, pairing results in the organization of such sites, in both homologs, at the bases of the chromatin loops. These bases
then become incorporated in the axial elements. A subset of these sites is used for the
formation of DSBs, which are then automatically positioned between the homologs; this
would facilitate non-sister interactions (Xu and Kleckner, 1995). The resulting recombinational non-sister interactions might correspond to the cytologically observable association
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sites seen in Allium (Albini and Jones, 1987) and in the yeast zipl mutant (Sym et al.,
1993).
This model was refined by Kleckner (1996) who suggested that sites having the potential
for interhomolog (pairing) interactions tend to become located at the bases of the
chromatin loops irrespective of the presence or absence of a homolog by a mechanism
that is similar to the organization of mitotic chromatin which facilitates intersister
interactions. Meiosis-specific factors, including components of the axial elements, then
modify this basic organization so that non-sister interactions are preferred (as discussed
earlier).
According to a slightly different model, the mitotic scaffold is structurally related to the
meiotic axial element. Thus, according to this model SARs are associated with the axial
elements. DSBs, which in this model can occur anywhere in the genome, are brought into
the context of the axial element through interaction of specific proteins with DSB-sites
and SARs or SAR-associated proteins. The recombination machinery then assembles with
the DSBs at the SARs, like has been proposed for DNA-repair (Mullenders et al., 1988;
Figure 3). Bringing recombination intermediates in the context of the SC might be a
function of axial element components. The yeast Redl protein has been proposed to be
involved in a such a function (Rockmill and Roeder, 1990). An important difference
between this model and that proposed by Kleckner (1996) is that DSBs are not necessarily
formed at sites with a potential for interhomolog interactions, but can be formed at any
site within the genome.
• Does selection of one chromatidof eachpair of sisters to be active inrecombinational
interactionsexplainthepreferential non-sisterrecombination duringmeiosis?
An important question concerning meiotic recombination is how the cell prevents
involvement of the same sites on the two sister chromatids in the recombination process at
the same time. Schwacha and Kleckner (1994) proposed that one sister chromatid of each
pair is selected to be active in recombinational interactions. Such a selection could take
place during or after DNA replication (Petes and Pukkila, 1996). Binding of proteins
(sequence-specific or nucleosomal) to one of the sisters might provide a mark, that allows
it to be active in recombinational interactions. However, selection of one of the two sister
chromatids for recombination cannot extend over long regions of the chromosome,
because then four-strand double crossover events would be rare, which is not the case
(Hawthorne and Mortimer, 1960; Fogel and Hurst, 1967).
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FIG

[continued]

Figure 3: Schematic diagram showing how a DNA-lesion is recognized by a protein (A), which binds
at/near the lesion and anchors the damaged DNA region to the nuclear matrix, where factors involved in
DNA-repair canbind and repair takes place (from Mullenders etal, 1988).
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The establishment of sister chromatid cohesiveness
An important difference between the mitotic and the first meiotic division is that during
the latter type of division sister chromatids move together towards the same pole, whereas
during mitosis sister chromatids segregate to opposite poles. This means that whereas
cohesion between sister chromatids is lost during anaphase of the mitotic division,
cohesion must persist during meiosis to delay sister chromatid segregation until anaphase
II. Sister chromatid cohesiveness is probably also necessary for the proper orientation of
bivalents in the metaphase I spindle. Bipolar tension is essential for the stable attachment
of kinetochores to opposite poles. This requires physical linkage of the homologs. Such
linkage is provided by chiasmata, which are a prerequisite for proper disjunction at
anaphase I (reviewed by Carpenter, 1994). However, chiasmata as such are not sufficient
to resist the tension exerted on bivalents if the recombined chromatids do not cohere, but
can slide along each other. Chiasmata must therefore be stabilized until the metaphase
I/anaphase I transition (Bickel and Orr-Weaver, 1996). Such a stabilization of chiasmata,
or chiasma maintenance, can be accomplished by cohesiveness of sister chromatids distal
to the chiasmata or by the presence of proteins at or near the chiasma (the so-called
'chiasma binder' (Maguire, 1974; Carpenter, 1994)). However, the behavior of acentric
fragments in maize, formed by crossovers between chromosomes heterozygous for a
paracentric inversion could not be explained by the chiasma binder theory (Maguire,
1993). Moreover, no mutant has been characterized, as yet, that could have a defective
chiasma binder (Carpenter, 1994). Therefore, it seems more likely that chiasmata are
maintained by sister chromatid cohesiveness at least distal to the chiasmata. This also
means that cohesion between sister chromatids during meiosis must be different along
chromosome arms and at the centromere, because arm cohesion must be relieved at
anaphase I, whereas cohesion at the centromere must persist until anaphase II (Bickel and
Orr-Weaver, 1996). The mechanism underlying sister chromatid cohesiveness is still
unknown (reviewed by e.g. Maguire, 1990, 1993 and 1995; Carpenter, 1994; Bickel and
Orr-Weaver, 1996). A number of proposed mechanisms will be discussed below.
• Canlinkageproteinsprovidefor sister chromatid cohesiveness?
Koshland and Hartwell (1987) proposed that sister chromatids are held together by
proteins which act as a glue. Although the SC is disassembled at diplotene and sister
chromatid cohesiveness must last until anaphase I, it has been suggested that SC components or remnants of SCs might persist to maintain cohesiveness. In grasshoppers,
structures that resemble SC remnants were detected between sister chromatids at metaphase I (Moens and Church, 1979). It has been proposed that Dmcl, a protein which in
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early meiotic prophase is found in foci which colocalize with Zipl (a putative SCcomponent) is required for sister chromatid cohesiveness (Rockmill and Roeder, 1994). A
strain with a dmcl mutation forms apparently normal SC, but displays missegregation at
meiosis I. Nondisjunction was the result of both reduced crossing-over and precocious
sister chromatid separation. It was therefore suggested that the dmcl mutation leads to an
alteration of the chromatin structure, which affects both crossing-over and sister chromatid cohesiveness (Rockmill and Roeder, 1994). Redl mutants of yeast show considerable
nondisjunction at meiosis I, which is correlated with reduced crossing-over but also by the
inability to form functional chiasmata (Rockmill and Roeder, 1990). The Redl protein,
which is probably required for axial element formation, was proposed to play a role in the
organization of the chromatin (see above) that is necessary for both crossover formation
and sister chromatid cohesiveness.
In the fission yeast, Schizosaccharomyces pombe, no SCs are formed during meiosis, but
so-called linear elements, which probably correspond to axial elements of SCs (Bahler et
al., 1993). The rec8 mutant of S. pombe forms aberrant linear elements, has a defect in
meiotic recombination, and shows precocious sister chromatid separation at meiosis I. It
is possible that the recS-mutation primarily affects an essential protein for linear element
formation, and that the defects in recombination and sister chromatid cohesiveness are
secondary effects of the mutation. Alternatively, the recS-mutation primarily affects a
recombination protein, whereas the defects in linear element formation and sister
chromatid cohesiveness are secondary effects; in that case recombination would be
required for sister chromatid cohesiveness, with linear element formation perhaps linking
these two processes.
The hamster protein homologous to the rat Mr 30,000-33,000 LE components, COR1,
(Dobson et al., 1994) is localized along chromosome arms until metaphase I and at the
centromeres until metaphase II (Dobson et al, 1994; Moens and Spyropoulos, 1995).
Dobson et al. suggested that the COR1 protein anchors the chromatin of the two sister
chromatids to their common , single axial core. This would provide sister chromatid
cohesiveness, and would thus stabilize chiasmata. Additionally, they proposed that COR1
inhibits the separation of the sister centromeres at anaphasel. The dissociation of COR1
from the sister centromeres at anaphase II would then allow their separation. Analysis of
the desynaptic (ay) mutant of maize also suggested that SC remnants or SC components
are involved in sister chromatid cohesiveness. In this mutant synapsis and crossing-over
seem to be normal, but chiasmata seem to be sporadically lost, which results in aberrant
segregation at meiosis I (Maguire et al., 1991 and 1993). At late pachytene to early
diplotene the central region appears wider and disintegrates earlier than the lateral
elements in therfy-mutantthan in wildtype.
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Several other proteins that are not or have not been shown to be SC components have
also been suggested to play a role in sister chromatid cohesiveness. Two of these were
identified in Drosophila. In Drosophila, meiosis proceeds through different pathways in
males and females. Whereas in females crossing-overs, SCs and chiasmata are formed,
these are missing in males. It was therefore surprising that mutations were identified that
affected segregation in meiotic divisions in both sexes (Sekelsky and Hawley, 1995). The
first, the mei-S332 mutation, results in the premature separation of sister chromatids late
in anaphase I. The MEI-S332-GFP (Green Fluorescent Protein) fusion protein localizes at
the centromeric region of all chromosomes from prophase I up to anaphase II (Kerrebrock
et al., 1995). The MEI-S332 protein is thus an essential component that holds sister
chromatid centromeres together until anaphase II. The second mutation, ord, results in
reduced crossing-over in females and precocious sister chromatid separation before
anaphase I. Precocious sister separation was not to entirely due to the failure to form
crossovers (Mason, 1976). The ord mutation is not rescued by MEI-S332-mediated sister
centromere cohesiveness and it is therefore possible that the ORD protein is necessary for
cohesion along chromosome arms until anaphase I (Sekelsky and Hawley, 1995). Analysis
of different mutant alleles of the ORD gene suggests that its role in sister chromatid
cohesiveness requires interaction with other proteins, which could include SC proteins in
females (Bickel et al., 1996).
A mutant of the fungus Sordariamacrospora,spo76, has perhaps the most clear phenotype that is expected for a defect in sister chromatid cohesiveness (Moreau et al., 1985).
This mutant shows a block in meiosis after the first division, incomplete pairing and early
centromere cleavage. Moreover, only segmented lateral elements are formed which are
split into two smaller elements. This probably reflects the failure to form a single axis for
both sister chromatids. Finally, in mutants heterozygous for the spo76 mutation crossingover was markedly decreased. An interesting observation is that on Western blots of total
ascus protein from wildtype Sordaria several proteins, among which two with relative
electrophoretic mobilities of about 30,000 and 33,000 are are recognized by antibodies
elicited against isolated rat SCs. These proteins are not detected on similar blots containing protein from the spo76 mutant (D. Zickler, personal communication). Importantly,
the spo76 mutant also exhibits increased sensitivity to UV-radiation. The product of the
SP076 gene is thus not specific for meiosis.
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• Is sister chromatidcohesivenesspromoted by sister chromatidexchange (SCE)?
Sears et al. (1994) proposed the involvement of sister chromatid exchange (SCE) in sister
chromatid cohesiveness. They observed a decrease in precocious sister chromatid separation after introduction of a yeast hot spot for meiotic recombination on a human DNAderived YAC. This decrease could not be accounted for by the increase of reciprocal
recombination only. Moreover, this effect was also observed when the hot spot was
present on only one YAC (so that crossing-over events did not occur in the introduced
region). It was therefore suggested that the formation of DSBs also leads to SCE, though
probably at low levels due to an inhibiting effect of the SC. A relationship in cis between
the formation of DSBs and sister chromatid cohesiveness was also found in the analysis of
the effect of a 31 bp mutation in a region of centromeric yeast DNA (Sears et al., 1995).
Recombination was reduced and precocious sister chromatid separation was increased
irrespective of the presence of a homolog carrying the same mutation. Sears et al.
suggested that formation of DSBs leads to interhomolog recombination and also to SCE.
The balance between these two types of processes was proposed to be regulated by
components of the SC. In this scenario, interhomolog recombination is favoured during
the early stages of meiotic prophase whereas at later stages (after pachytene) SCE might
be required for sister chromatid cohesiveness. Components of the lateral elements can be
involved in such a mechanism by influencing the organization of the chromatin as
described before. If SCEs are involved in sister chromatid cohesiveness, they must be
stabilized in some way, like has been suggested for chiasmata.
• Is sister chromatidcohesiveness the resultof catenationofDNA strands?
The replication of chromosomes is accompanied by an activity of topoisomerases that
disentangles sister chromatids, which would otherwise be wound around one another thousands of times. It appears, however, that topoisomerases are excluded from regions where
replication forks meet, leaving multiple intertwinings (Figure 4). Murray and Szostak
(1985) proposed that these residual intertwinings maintain the connection between sister
chromatids until anaphase I. Before separation of homologs can take place these entanglements must be removed, probably with the help of topoisomerase II (topo II). Topo II is
necessary for the segregation of recombined chromosomes in yeast meiosis I (Rose et al.,
1990). The protein is associated with SCs, though not exclusively (Moens and Earnshaw,
1989; Klein et al., 1992). Topo II seems to congregate on the lateral elements from late
pachytene and remains associated with these when they separate at diplotene. The untangling activity of topo II is reversible and seems to be driven to completion by chromosome
condensation and chromosome movement (Holm, 1994).
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Figure 4: Schematic representation of DNA replication. When two replication forks approach one another,
proteins required for resolution of intertwinings may be sterically excluded in the region between the two
replication forks. This would result in a segment containing intertwined sister chromatids (from Holm,
1994).

If multiple intertwinings of sister chromatids contribute to sister chromatid cohesiveness
one expectation is that the action of topo II is inhibited until metaphase I or anaphase I
since chromosomes condensation continues after the disassembly of SCs. This would
probably drive topo II action towards disentanglement before homologs are separated at
anaphase I. Components of the SC that persist after SC disassembly might be involved in
this inhibitory action. Another view is that entanglement of sister chromatids serves the
cohesiveness of sisters only until the SC disassembles and chromatin condensation takes
place. In the presence of the SC, maintenance of intertwinings of sister chromatids may
then be either an effect of inhibition of topo II action by factors such as SC components
or of the relatively decondensed state of the chromatin that is maintained in the presence
of SCs. Chromatin condensation and/or SC disassembly might then allow the action of
topo II, which would result in the separation of sister chromatids at anaphase I. The
activity of topo II is necessary for the separation of chromatid cores during prometaphase
of mitosis (Gimenez-Abian et al., 1995). Interestingly, replication forks (where topoisomerases are thought to be excluded after DNA replication) often cohabit with S/MARs
(Boulikas, 1995), sequences that are expected to be present in the lateral elements. During
the stages between SC disassembly and homolog segregation other processes must provide
sister chromatid cohesiveness.
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• Is sister chromatidcohesivenessprovided by small, unreplicated regions?
Stern and Hotta (1987, review) found small regions in the genome of lily that are not
replicated at premeiotic S-phase. Between 0.1 and 0.2% of the genome, designated
zygDNA, was not replicated until zygotene. The ends of the zygDNA segments are not
replicated until after pachytene. Stern and Hotta proposed that these segments maintain
sister chromatid cohesiveness until anaphase I. Although it is doubtful whether the hydrogen-bonding within the small, unreplicated segments is sufficient to keep sister chromatids
tightly linked, it is conceivable that such intersister connections are stabilized, e.g. by
proteins. These proteins might include components of the lateral elements of SCs. The
replication of zygDNA takes place predominantly along the lateral elements (Kurata and
Ito, 1978), and therefore the supposed unreplicated segments are probably localized
within the SCs.
These experiments have been in debate until now, because other investigators have not
been able to reproduce the findings of Stern and Hotta.
To summarize: several functions have been proposed for the lateral elements of SCs and
their components. What all of the proposed functions have in common is that they are
structural. Lateral elements are either involved in the organization of sister chromatid
chromatin, which promotes the high rate of recombination between non-sister chromatids
which is specific for meiosis or in the establishment of cohesiveness between sister
chromatids after recombination has occured to assure proper segregation of recombined
chromosomes. Although I have discussed these two types of function separately, a
combination of the two is also possible.

Aim and outline of this thesis
As outlined above, several possible functions have been suggested for LEs of SCs and for
(some of) their components. The aim of the investigations presented in this thesis was the
characterization of major protein components of the LEs of rat SCs with relative
electrophoretic mobilities of 30,000 and 33,000, in order to define their function.
Chapter 2 describes the isolation of a cDNA encoding these proteins, their predicted
features and the relationship between the Mr 30,000 and 33,000 components. Chapter 3
shows that these proteins are phosphorylated in vivo. Chapters 4 and 5 describe the DNAbinding characteristics of the proteins in vivo and in vitro. In Chapter 6, the results of
these studies will be discussed in the context of the possible functions of the LEs of SCs
that have been discussed in this chapter.
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The lateral elements of synaptonemal complexes (SCs) of the rat contain major components with relative
electrophoretic mobilities (A/rs) of 30,000 and 33,000. After one-dimensional separation of SC proteins on
polyacrylamide-sodium dodecyl sulfate gels, these components show up as two broad bands. These bands
contain closely related proteins, as judged from their peptide maps and immunological reactivity. Using
affinity-purified polyclonal anti-30,000- and anti-33,000-Afr component antibodies, we isolated a cDNA
encoding at least one of the 30,000- or 33,000-M r SC components. The protein predicted from the nucleotide
sequence of the cDNA, called SCP3 (for synaptonenal complex protein 3), has a molecular mass of 29.7 kDa
and a pi value of 9.4. It has a potential nucleotide binding site and contains stretches that are predicted to be
capable of forming coiled-coil structures. In the male rat, the gene encoding SCP3 istranscribed exclusively in
the testis. SCP3 has significant amino acid similarity tothe pMl protein,which isoneofthe predicted products
of an X-linked lymphocyte-regulated gene family of the mouse: there are 63%amino acid sequence similarity
and 35%amino acid identity between the SCP3 and pMl proteins. However, SCP3 differs from pMl in several
respects, and whether the proteins fulfill related functions is still an open question.
Synaptonemal complexes (SCs) are nuclear structures that
are formed between homologous chromosomes during
prophase of the first meiotic division. They are assumed to
contribute to the two major effects of meiosis, the reduction
of the ploidy level and the generation of new combinations of
genes. These effects are accomplished during the first of two
meiotic divisions as homologous chromosomes condense,
pair, recombine, and segregate. SCs consist of two proteinaceous axes, one along each homolog, that are connected by
transverse filaments. On the transverse filaments, between
the axial cores, there is a third longitudinal element, the
central element; both axial cores together with the central
element make up the tripartite structure of the SC (65). The
axial cores are called the lateral elements (LEs) of SCs
where they make part of the tripartite SC.
The assembly and disassembly of SCs correlate with the
successive rearrangements of chromatin. Early in meiotic
prophase (leptotene), the axial cores are formed along the
chromosomes, presumably between the sister chromatids;
during zygotene, they are connected by the transverse
filaments, and a central element is formed between them. In
pachytene, the homologous chromosomes are connected
(synapsed) by the tripartite structure along their entire
length. Subsequently, the SCs are disassembled (diplotene),
the chromosomes condense (diakinesis), and chiasmata,
which result from the physical exchange between non-sister
chromatids of homologs (67), show up as physical connections between homologs. In metaphase I, bivalents (paired
homologs) orient themselves in the spindle. The chiasmata
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are essential for this because they hold the bivalents together. There is circumstantial evidence that exchange between non-sister chromatids per se is not sufficient to
generate a mature chiasma that can fulfill this function (46,
53). For the proper orientation of bivalents, sister chromatid
cohesiveness, which persists until anaphase I, is also essential (24, 30, 41).
At the DNA level, the major events of meiotic prophase
result in a high rate of homologous recombination and gene
conversion. Meiotic and mitotic recombination differ in
several respects, (i) The rate of meiotic reciprocal exchange
(and of gene conversion) is several orders of magnitude
higher than that of mitotic exchange, (ii) With few exceptions (62), there is positive interference between meiotic
reciprocal exchanges (reviewed in references 50 and 67),
whereas no evidence has been obtained for interference
between mitotic reciprocal exchanges (32). (iii) In several
organisms, hot spots for meiotic reciprocal recombination
(and gene conversion) have been identified (6, 18, 22, 57),
but most of these are not hot spots for mitotic recombination
(reviewed in reference 50). (iv) Meiotic reciprocal recombination occurs preferentially between non-sister chromatids
of homologous chromosomes (19, 64), whereas the sister
chromatid is preferred for mitotic exchange (31).Thus, there
is a meiosis-specific chromatin organization by which some
sequences (hot spots) are preferentially exposed for homology searching and recombination, positive interference between reciprocal exchanges iseffected, reciprocal exchanges
between sister chromatids are avoided (or exchanges between non-sister chromatids are preferentially enhanced),
sister chromatid cohesiveness is brought about, and reciprocal exchanges between non-sister chromatids result in the
formation of functional chiasmata.
It seems likely that SCs, particularly the L E s , play a role
in one or more of these aspects of meiosis-specific chromatin
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organization, because SCs are assembled from meiosisspecific components (25, 44, 48, 60, 63) and because the
meiotic prophase chromatin appears to be organized on the
LEs and axial cores. However, as yet, no direct evidence
has been obtained for this.
Inordertogetmoreinformation about SCs,wedeveloped
a procedure to isolate these structures from rat spermatocytes (26, 28), elicited monoclonal and polyclonal anti-SC
antibodies(27,29,48),and,usingtheseantibodies, identified
major components of SCs with Mrs of 30,000, 33,000,
125,000,and 190,000 (27,29).In this paper, we concentrate
on the 30,000- and 33,000-Mr SC components, which occur
specifically in meiotic prophase cells, on the SCs (15,25);
theyarelocalized ontheLEs andaxial cores,irrespectiveof
whether these are synapsed or unsynapsed (29, 47). We
describe theisolation ofacDNAencodingat leastoneof the
30,000- or 33,000-Mr proteins by means of affinity-purified
anti-30,000 and anti-33,000-Mr protein antibodies. The protein predicted from the nucleotide sequence, called SCP3
(for synaptonemal complex protein 3), is basic (pi 9.4) and
has a molecular mass of 29.7 kDa; it has a potential nucleotide binding site. SCP3 has sequence homology to an
X-linked lymphocyte-regulated mouse protein called pMl
(20).
MATERIALSANDMETHODS
Antibodies. The monoclonal antibodies (MAbs) used in
this study were elicited and isolated as described by Offenberget al. (48);they are described indetail by Heytinget al.
(27) and Offenberg et al. (48).A polyclonal anti-30,000- and
anti-33,000-Mr antiserum (serum 175)was elicited by immunization of a rabbit with rat SCs according to the same
schedule used for the immunization of mice (48). Serum
samples (20 ml each) were collected at 2-week intervals,
starting 1 week after the third injection of antigen. Although
this serum was elicited against whole rat SCs, it recognizes
specifically the 30,000- and 33,0O0-Mr SC components (48).
For the experiments in this study, we affinity purified the
anti-30,000- and anti-33,000-Mr antibodies from this serum
asfollows:from preparativeimmunoblotsofSCproteins,we
excised strips containing the 30,000- and 33,000-Mr SC
components; these strips were incubated in blocking buffer
(10 mM Tris-HCl [pH 7.4], 250 mM NaCl, 0.05% [wt/vol]
Tween 20, containing 5% [wt/vol] nonfat dry milk and 5%
[vol/vol] normal goat serum) for 1h at 37°C, washed three
times for 5min each in phosphate-buffered saline, and then
incubated for 1h at 37°C in the polyclonal anti-30,000- and
anti-33,000-Mr antiserum, diluted 1:100 in blocking buffer
supplemented with 0.02% (wt/vol) NaN3, Escherichia coli
lysate (1 mg of E. coli protein per ml), and 1 mM phenylmethylsulfonyl fluoride. Bound antibodieswere eluted from
thestripsbytwosuccessive incubations for 1 heachat room
temperature in 10mlof 0.1 Mglycine (pH 2.7). The glycine
in the eluted fractions was neutralized with an equimolar
amount of Na 2 HP0 4 , and normalgoat serum was added toa
final concentration of 10%(vol/vol).Only the second eluted
fraction was used. Apolyclonal antiserum against the fusion
protein of clone 2A4.7(serum 448)was raised by immunizationofarabbitwith inclusion bodiesfrom bacteria harboring
clone 2A4.7, containing the fusion protein, exactly as described by Meuwissen et al. (44).
Isolation of cDNAs encoding SCP3. For the isolation of
cDNAs encoding 30,000- and 33,000-Mr SC proteins, we
subcloned the inserts of about 108 phage of an expression
cDNA library of rat testis (44) into the pBluescript vector
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according to the instructions of the manufacturer (Stratagene, San Diego, Calif.). Colonies of E. coli XL1 Blue cells
carrying these pBluescript vectors with inserts were transferred tonitrocellulosefilters.Tworeplicafilterswere made,
and expression of the cloned cDNA was induced as described by Sambrook et al. (55).Subsequently, the colonies
werelysedonthefiltersbythefollowing incubations atroom
temperature: 20min in 5 mg of lysozyme per ml in 50mM
Tris-HCl (pH 7.6)-150mMNaCl-0.1% Tween 20(TBST),1
minin0.5 MNaOH-1.5 MNaCl, and5min in 1 MTris-HCl
(pH 7.4)-1.5 M NaCl. Filters were then washed in TBST,
and bacterial debris was wiped off. We screened the lysed
colonies by means of the affinity-purified anti-30,000- and
anti-33,000-Mr SC protein antibodies as primary antibodies
and a goat anti-mouse alkaline phosphatase conjugate as
secondary antibody by using the Western blot (immunoblot)
incubation procedure described before (16, 25). We performed asecondary screeningofthecDNAlibrarybyplaque
hybridization with the Hindi fragment of clone 2A4 (see
Fig.3)as aprobe. Labelling of the probe by random primed
labelling and screening were performed according to procedures described by Sambrook et al. (55).
Sequence analysis. We generated unidirectional sets of
deletionsfrom both endsofthecDNA insert ofclone2A4by
partial digestion with exonuclease III and SI nuclease with
an Erase-a-base Kit (Promega, Madison, Wis.). In addition,
fragments 2, 5, 6, 7, and 9 (see Fig. 3) were subcloned in
pBluescript SK~ for nucleotide sequence determination. We
determined the nucleotide sequences by the dideoxy-chain
termination method of Sanger et al. (56) with the doublestranded DNA Cycle Sequencing System (GIBCO BRL,
Gaithersburg, Md.), [-y-32P]ATP (>5,000 Ci/mmol [Amersham]), and oligonucleotide primers complementary to the
polylinker sequences of pBluescript. The sequence was
assembled with the University of Wisconsin Genetics Computer Groupsequence analysis package.Sequence similarity
searches of the GenBank, EMBL, Swissprot and PIR data
bankswere carried outwith the FASTA (49)and BLAST(3)
programs. Prediction of secondary structure was performed
with a program based on Chou-Fasman algorithms (10);
coiled-coil regions were identified with an algorithm developed by Lupas et al. (40). Alignment of sequences was
performed with theBESTFIT andGAPprograms,which are
included inthe Genetics Computer Groupsequence analysis
package.
RNA isolation and Northern blot hybridization. RNA was
isolated from various tissues of 37-day-old rats by the
guanidinium-LiCl method of Cathala et al. (7). RNA was
electrophoresed on formaldehyde-agarose gels and transferred to Hybond-N+ membranes (Amersham) by standard
procedures (55).After transfer, themembraneswerewashed
in 3x SSC (lx SSC is 0.15 M NaCl plus 0.015 M sodium
citrate), dried, andfixedbybaking at 80°Cfor 2h. Weused
five DNA probes (see Fig. 3) for Northern blot (RNA)
hybridization. Labellingoftheprobeswith [a-32P]dATPwas
performed by random primed labelling according to the
method of Sambrook et al. (55). The Northern blot membraneswereprehybridized in50%formamide-6x SSC-0.5%
SDS-0.01% Na-pyrophosphate-5x Denhardt's solution-200
u.gof denatured herringsperm DNApermlfor atleast 6hat
42°C.Hybridization wasperformed inthesamemixturewith
1.4 ngof probe (1.1 x 106cpm/ug) per ml for 17h at 42°C.
The blots were washed subsequently for 30 min in, successively, 2x SSC-1% SDS at 42°C (twice) and lxSSC-0.1%
SDS and O.lx SSC-0.1% SDS at 65°C.
Characterization ofthe protein encodedbythecDNAinsert
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of 2A4. The open reading frame of the insert of cDNA clone
2A4 had a shift of - 2with respect to the reading frame of the
Lad fragment to which it was fused. To characterize the
protein encoded by the cDNA insert of clone 2A4, we put
the insert in frame with respect to the Lad fragment of the
pBluescript vector as follows: we digested the vector containing the insert with Xba\ and Smal, both of which cut the
polylinker sequence of the pBluescript vector between the
Lac\ fragment and the EcoRI site into which the cDNA was
inserted; subsequently the Xba\ site was filled by means of
Klenow polymerase, and the blunt ends of the Smal site and
the filled Xba\ site were ligated; this resulted in a deletion of
16 nucleotides and did not generate a stop codon. E. coli
XLl-Blue cells were transformed with the resulting construct. The clone containing this construct was designated
2A4.7. A 10-ml culture of clone 2A4.7 was grown overnight
at 37°C in Luria-Bertani medium containing 100 u.g of
ampicillin per ml. A total of 250 ml of prewarmed LuriaBertani medium containing 100 u.g of ampicillin per ml was
inoculated with 2.5 ml of the overnight culture. After incubation at 37°C for 2 h, synthesis of the fusion protein was
induced by addition of isopropyl-fi-D-thiogalactopyranoside
(IPTG) to a final concentration of 1mM. After incubation for
another 3 h at 37°C, the cells were harvested. The inclusion
bodies were purified as described by Sambrook et al. (55)
and washed according to the method of Harlow and Lane
(23). A total of 2 mg of inclusion body protein was then
loaded per 1-cm slot of a 7 to 18% linear gradient polyacrylamide-SDS gel; subsequently, electrophoresis, Western
blotting, and immunodetection of translation products of the
cDNA insert by means of the polyclonal anti-30,000- and
anti-33,000-M r antibodies were performed as described b y
Heyting et al. (25).
Peptide mapping. Peptide mapping of the 30,000- and
33,000-M r SC proteins and of the full-length fusion protein
was performed as described by Cleveland et al. (11). Subsequent blotting and immunodetection were performed as
described by Heyting et al. (25).
Other procedures. SCs were isolated as described by
Heyting et al. (28) and Heyting and Dietrich (26); SDSpolyacrylamide gel electrophoresis of proteins was performed according to the method of Laemmli (35) as described by Heyting et al. (28). Before electrophoresis, the
protein samples were boiled in sample buffer (2 M urea, 5%
SDS, 125 mM Tris-HCl [pH 6.8], 10% glycerol, 0.5 mM
EDTA, 0.1 M p-mercaptoethanol) for 10 min; immunoblottingwas carried out according to the method of Dunn (16) as
described by Heyting and Dietrich (26).
Nucleotide sequence accession number. The E M B L accession number of the SCP3 cDNA is X75785.
RESULTS
The 30,000- and 33,000-Afr SC components are closely
related. One-dimensional SDS-polyacrylamide gel electropherograms of proteins from purified rat SCs show two
broad prominent bands with M,s of 30,000 and 33,000 (28, 29
[Fig. 1A]). These bands contain protein components of SCs,
because several MAbs that recognize these bands bind
specifically to SCs (25, 27, 29, 48). The 30,000- and
33,000-A/r SC components are immunologically related, because 18 independently isolated anti-SC MAbs recognize
both components (Fig. 1A [27]), whereas, as yet, no anti-SC
MAbs that can discriminate between these components have
been identified. The similarity of the 30,000 and 33,000-M r
SC components is also evident from their peptide maps.
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FIG. 1. Reaction of antibodies used in this study with SC proteins. Proteins of 2 x 107 SCs were loaded per cm slot of an
SDS-10% polyaciylamide gel and stained with Coomassie blue or
transferred to nitrocellulose. (A) Reaction of antibodies elicited
against the 30,000- and 33,000-M, components of SCs with SC
proteins:Lanes:a, Coomassieblue-stained strip;btof, immunoblot
stripsofthesamegelincubated in MAbIX3H3(b),MAb1X4D4(c),
MAb IX8G9 (d), MAb IX7B12 (e), and affinity-purified polyclonal
anti-30,000- and anti-33,000-Mr antibodies from serum 175 (f). (B)
Reaction of antibodies elicited against the fusion protein of cDNA
clone2A4.7with SCproteins. Lanes:a, Coomassieblue-stained gel;
b, immunoblot strip of the same gel probed with the antiserum
elicited against the fusion protein of clone 2A4.7 (serum 448). In
panelsA and B, the positions of the 190,000-,125,000-,33,000-,and
30,000-A/r SCprotein bands are indicated. (C)Immunoblot analysis
of the translation products of cDNA clone 2A4.7;2mgof inclusion
bodies of clone 2A4.7was applied per cm slot of a 7 to 18%linear
gradient polyacrylamide-SDS gel,electrophoresed,and stained with
Coomassie blue (a) or blotted onto nitrocellulose and probed with
affinity-purified anti-30,000- and anti-33,000-Mr antibodies from serum 175 (b). Lane M contains the following molecular mass markers: myosin, 200kDa; p-gatactosidase, 116 kDa; phosphorylase B,
97 kDa; bovine serum albumin, 66 kDa; ovalbumin, 45 kDa;
carbonic anhydrase, 31 kDa; and trypsin inhibitor, 21.5 kDa. The
arrowheads indicate the tops of the gels.

Figure 2A shows the peptides that are produced from the
30,000- and 33,OO0-Mr protein bands by digestion with
Staphylococcus aureus V8 protease (SV8) (11) and that are
recognized by the antibodies directed against the 30,000- and
33,000-M r SC components. Lanes a and e of Fig. 2A show
the undigested input controls of the 30,000- and 33,000-Af,
components. These lanes contain extra bands with M r s of
-65,000 that are not detected on immunoblots of standard
polyacrylamide-SDS gels (Fig. 1). We suppose that these
extra bands contain dimers of 30,000- or 33,000-Afr molecules, because they originate from excised 30,000- or
33,000-M r protein bands (see Materials and Methods) and
because they are recognized by the anti-30,000- and anti33,000-M r antibodies. Apparently these dimers arise during
the lengthy stacking gel phase of the peptide mapping
procedure (11); it is possible that they are not easily formed
from proteolytic cleavage products (Fig. 2A, lanes b to d and
f to h).
Isolation of cDNAs encoding a 30,000- or 33,000-M r component of SCs. For the isolation of cDNAs encoding 30,000-
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FIG. 2. Characterization of the 30,000- and J3,LKXkW, S(J components and of the translation products of cDNA clone 2A4.7 by
peptide mapping. (A)Proteinsof 10sSCswere loaded per cm slotof
an SDS-10% polyacrylamide gel and electrophoresed. The 30,000and 33,000-Mr protein bands were excised, digested with SV8, and
electrophoresed according to the method of Cleveland (11) (see
Materials and Methods); subsequently, the resulting peptides were
transferred to nitrocellulose, and the immunoblot was probed with
the polyclonal anti-30,000- and anti-33,000-Afr antibodies from serum 175.Lanes:a, undigested 30,000-MrSCprotein;btod, peptides
obtained by digestion of the 30,000-Mr protein with 1,050,350, and
125ngofSV8,respectively; e,undigested 33,000-A/rSCprotein;fto
h, peptides obtained by digestion of the 33,000-Mr SC protein with
1,050, 350, and 125 ng of SV8, respectively. The positions of the
prestained marker proteins are indicated by their apparent molecular masses (in kilodaltons). (B) SV8 digests of the 33,O00-Mr SC
protein (lanes b to d) and the full-length fusion protein product of
cDNA clone 2A4.7 (lanes fto h); the 33,000-Mr SC protein and the
full-length fusion protein product of cDNA clone 2A4.7 were
excised from one-dimensional SDS-polyacrylamide gels and digestedwith 125(lanesb and f), 350(lanes c and g),or 1,050 (lanesd
and h) ng of SV8; lane a contains the undigested 33,000-Mr SC
component, and lane e contains the undigested full-length fusion
protein of cDNA clone 2A4.7. The undigested proteins and the
digestion productswere electrophoresed according tothe methodof
Cleveland (11), transferred to nitrocellulose, and analyzed with the
affinity-purified polyclonal anti-30,000- and anti-33,0O0-Af, antibodies from serum 175.Arrowheads to the left indicate the positions of
the tops of the gels; arrowheads to the right indicate the bands that
thedigestsof the33,OO0-A/rSCcomponent and the fusion protein of
clone 2A4.7 have in common.
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FIG. 3. Restriction map of cDNA clone 2A4. The shaded segment indicates the coding region. The black bars indicate the
restriction fragments that were subcloned and used for Northern
blot analysisand nucleotide sequence determination. He,Hindi; P,
Pst\; Hd, ifindlll; D, Oral.

and 33,000-M r SC proteins, we screened an expression
cDNA library of the rat testis with affinity-purified polyclonal anti-30,000- and anti-33,OO0-Mr antibodies. One colony, harboring clone 2A4, reacted relatively strongly with
the antibodies. Figure 3 shows the restriction map of the
cDNA insert of this clone. Using the Hindi fragment of
clone 2A4 as a probe, we screened about 2 x 105 recombinant phage of the cDNA library by plaque hybridization.
This yielded 30 positive clones, all with cDNA inserts that
were colinear with that of clone 2A4, as judged from their
restriction maps. No clones extending further in the 5'
direction than clone 2A4 were found by this secondary
screening.
The nucleotide sequence of clone 2A4 was determined as
described in Materials and Methods (Fig. 4). Clone 2A4
contains a single open reading frame that encodes a 29.7-kDa
protein consisting of 257 amino acids (counted from the first
ATG codon) but which is out of frame with respect to the
fragment of the Lad gene of the pBluescript vector to which
the cDNA insert was fused. The major translation product of
clone 2A4 that is recognized by anti-30,000- and anti33,000-M r antibodies is a 19,000-M r peptide (not shown).
The synthesis of this peptide probably initiates at the ATG
codon at positions 337to 339,because thiscodon is preceded
by an almost perfect Shine-Dalgarno consensus sequence
(GGAGG, at positions 319 to 323). Only small amounts of
longer translation products are detected in bacteria harboring clone 2A4 (not shown). However, if the insert of clone
2A4 is put in frame with the fragment of the Lad gene (to
produce clone 2A4.7 [see Materials and Methods]), the
major translation product of the insert that is recognized by
anti-30,000- and anti-33,000-M r antibodies is a 37,000-M r
peptide (Fig. 1C). This is in good agreement with the
expected size of the full-length translation product (4.2 kDa
of the Lad fragment plus 31.9 kDa from the cDNA insert).
We think that the insert of clone 2A4 encodes at least one of
the 30,000- and 33,000-M r SC components for the following
reasons, (i) The predicted molecular mass (29.7 kDa) is in
good agreement with the M r s (30,000 and 33,000) of the SC
proteins that are recognized by the antibodies that were used
for screening, (ii)The fusion protein encoded by the insert of

