2572—-2579 Nucleic Acids Research, 1998, Vol. 26, No. 11

00 1998 Oxford University Press

SCP2: a major protein component of the axial elements
of synaptonemal complexes of the rat

Hildo H. Offenberg , Johanna A. C. Schalk , Ralph L. J. Meu wissen ,
Mirjam van Aalderen , Henri A. Kester, Axel J. J. Dietrich 1 and Christa Heyting*

Department of Genetics, Agricultural University, Dreijenlaan 2, NL-6703 HA Wageningen, The Netherlands and
Linstitute of Human Genetics, University of Amsterdam, Meibergdreef 15, NL-1105 AZ Amsterdam, The Netherlands

Received February 26, 1998; Revised and Accepted April 21, 1998

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 [0 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 central,
most basic part of the protein (pl = 9.5). Three of the
S/T-P motifs are potential target sites for p34  ¢d°2 protein
kinase. In addition, SCP2 has eight potential cAMP/
cGMP-dependent protein kinase target sites. The gene
encoding SCP2 is transcribed 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 yeast. We speculate that SCP2 is a DNA-binding
protein involved in the structural organization of meiotic
prophase chromosomes.

INTRODUCTION

DDBJ/EMBL/GenBank accession no. Y08981

at least in certain types of microscopical preparations of spread
cells @-7).

As meiotic prophase proceeds, the axial elements are incorporated
in zipperlike structures, called synaptonemal complexes (SCs),
which keep homologous chromosomes in close apposition along
their length {). 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 yea§) (At the end of meiotic prophase, the
SCs are disassembled at about the same time when recombinatior
intermediates are resolve®) (and within each homolog the two
separate scaffolds of the sister chromatids gradually become
discernableX). At the sites of reciprocal recombination between
non-sister chromatids of homologous chromosomes, the scaffolds of
the recombined chromatids ‘cross ovér; 7§ to form chiasmata,
which contribute to the physical connection between homologs.
In most eukaryotes, such connections are essential for the proper
orientation of bivalents at metaphase |.

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 to axial elements have been demonstrated by silver
impregnation along mitotic chromosomes that were forced to
condense from G2 in the presence of a topoisomerase Il inhibitor
(10). 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 |l inhibitors, and because the major protein

During meiotic prophase, chromosomes are arranged in @omponents of axial elements are specific for meiotic prophase
orderly manner along proteinaceous axes called axial elemeli#s11-13). In the rat, these meiosis-specific components have
(1). These elements differ from mitotic metaphase chromaticlative electrophoretic mobilitiedvigs) of 30 000-33 000 and
scaffolds because: (i) the two chromatids of a meiotic prophad4€0 000 2,11-13), of which the 30 000—33 008, components are
chromosome share a single axial element, whereas the chromatiusst probably products of a single geden3(14). In yeast, at least

of a metaphase chromosome have each their own scaffold; (i) tvéo candidate components of axial elements have been identified,
major protein components of axial elements are meiosis-specifiamely Hopl and Red1%-17), which are also meiosis-specific.

and thus not found in chromatid scaffold3; (and (iii) axial

It is possible that the axial element of a meiotic prophase

elements are longer than metaphase chromatid scaffolds, aftomosome is formed after premeiotic S-phase by association of
morphologically better defined. Axial elements and chromatidneiosis-specific proteins with the still undivided chromosome
scaffolds can both be visualized by silver impregnation techniquesgaffold §). Alternatively, an entirely meiosis-specific axial element
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is assembled at the beginning of meiotic prophase, which is repladedlation of cDNAs encoding SCP2
by the two sister chromatid scaffolds when the axial element is ] ) ) )
disassembled. To distinguish between these possibilities, it f®r the isolation of cDNAs encoding the 190 000N rotein of
necessary to characterize the axial element components, and andkjgéat, we screened an expression cDNA library of the rat f&stis
their interaction with chromatin, in particular with the speciall Azap’ (Stratagene, San Diego, USA) with a pool of six
DNA-regions called SARs (scaffold attachment regidis, by mdependenply |solate;d Mabs, _each of which recognizes the 190 000
which chromatin is attached to chromatid scaffolds. M; SC protein, following described procedut8)(Among 3x 1¢°

Why meiotic prophase chromosomes should be organized 8hage clones, 10 positive clones were found and purified. The
single, at least partially meiosis-specific axial elements is anothByrified clones had overlapping restriction enzyme fragment maps
unresolved question, although several suggestions have béd§ inserts ranging in length from 1.1 to 3.9 kb. Th&dsRI
made: it is possible that the axial elements fix the chromosom#8gment of the longest clone, 3C1, was used for a secondary
in an elongated state, and enhance the exposure of relevagfeening, and this yielded clone 5 with an insert size of 4.4 kb. In
pairing sites in an ordered, longitudinal array. This could facilitat§earch of rat cDNA clones extending further in theiigction than
the alignment of homologous chromosoni€d).(Other possible  clone 5, we performed a RACE experiment49) exactly as
functions of axial elements include the inhibition of sisterdescribed by Van Heemstt al. (30), using oligonucleotides
chromatid exchanges and/or the enhancement of recombinatiég#mplementary to the most$equences of clone 5 as primers and
between non-sister chromatids of homologous chromosomé¥al rat testis RNA as a template. This yielded a DNA fragment
(9,15,20-22), the conversion of the products of interchromosomatvhich extended 302 nt further in thedirection than clone 5. We
reciprocal recombination into stable chiasmata that can ensure tign performed new RACE experiments, using primer sets

proper orientation of bivalents at metaphasg€),(and/or the complementary to this DNA fragment, a higher concentration of
generation of sister chromatid cohesiven@s4). total testis RNA, and higher temperatures during cDNA synthesis.

In order to learn more about the nature and function(s) ¢fCR performed on the cDNA fragments obtained at 50 afd 52
meiotic axial elements/lateral elements (LEs), we study théelded two major products in each reaction. The longest product of
composition of these structures. In this paper we describe tR&ch reaction was cloned in pGEM-T (Promega, Madison, WI,
isolation and characterization of the cDNA encoding the 190900 USA) and sequenced. Both (independently obtained) RACE
component of rat SCs. The protein predicted from the nucleotidioducts had identical sequences which extended 32 bp further in the
sequence of the cDNA, called SCP2, is basic (pl = 8.0) and hasdirection, and contained a stop codon in-frame with the first ATG
features of a protein which is capable of binding to the mingsodon. We therefore concluded that we had isolated and sequencec
groove of AT-rich DNA. It shares these features with proteins thde full-length SCP2 cDNA.
bind to SARs 25), including topoisomerase 118,26), which is
a major chromosome scaffold componém) (We speculate that Sequence analysis
SCP2 s involved in the organization of chromatin during meiotic

prophase, possibly by temporarily binding to SARs. The insert of cDNA clone 3C1 was subcloned into the pBluescript
vector SK(-) according to the instructions of the manufacturer
MATERIALS AND METHODS (Stratagene). From both ends of the insert of clone 3C1 we generated

unidirectional sets of deletions by partial digestion with exonuclease
The DDBJ/EMBL/GenBank accession number of the SCP#l and S1 nuclease using the erase-a-base kit of Promega. In
cDNA sequence is Y08981. addition, we subcloned several restriction enzyme fragments of the
independently isolated cDNA clone 5 in pBluescript. We determined
- the nucleotide sequences by the dideoxy chain termination method
Antibodies of Sangeet al.(31), using pi-3°S]dATP (650 Ci/mmol; Amersham

The Mabs recognizing the 190 08§ SC protein in rat were COrp-, Buckinghamshire, UKJaq polymerase (Gibco BRL Life
elicited by immunization of mice with rat SCs as described byechnologies, Paisley, UK or Promega) and oligonucleotide primers
Offenberget al. (13). Of these antibodies, Mab IX9D5 has beercomplementary to the polylinker sequences of pBluescript. The
described in detail by Heytireg al.(2) and Offenbergt al.(13). products of the RACE experiments (see a_bove) were cloneq into the
A polyclonal antiserum (serum 493) against amino acid residu@SEM-T vector according to the instructions of the supplier and
293-828 of the predicted translation product of the rat cDNA wa€guencing reactions were performed in both directions from
prepared as follows: a 1600 Bst fragment of cDNA clone 5 vector-specific primers, by means of the Dye Deoxy Terminator
(which encodes a major part of SCP2 of the rat, see below) wi¥cle sequencing kit from Perkin-Elmer (Norwalk, CT, USA) and
cloned in the pQE31 expression vector (Qiagen, Chatsworth, CA€ hucleotide sequence was analysed on a 373A stretch 48 cm
USA). Expression and isolation of the translation product werd/AR DNA sequencer (Applied Biosystems, Inc., Foster City, CA,
performed by means of the Qia expressionist system (QiagedP”): The complete cDNA sequence encoding SCP2 was
according to the instructions of the manufacturer. Antibodie@Seémbled by means of the Wisconsin GCG sequence analysis
were elicited in a rabbit by eight injections ofi@pfusion protein ~Package (University of Wisconsin, WI, USA).

in 750l PBS, mixed with 75Ql Freund’s complete adjuvant

.(Sigma, St LOU'iS, MO, USA) (fIrSt injection), Or.7.ﬁDF.I’eund’S |mmunocytochemica' Staining

incomplete adjuvant (Sigma) (all following injections). The

rabbit was injected subcutaneously at 2 week intervals. One welehkmunofluorescence staining of frozen sections of the rat testis
after the fourth and the sixth injection, 20 ml bleedings werwas carried out as described by Hey#nal. (12) and Heyting
collected from the ear-veins. After the eighth injection a finalnd Dietrich 82). Ultrastructural localization of the antigen was
bleeding of 80 ml was collected. performed by immunogold labeling of surface spread rat
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spermatocytes essentially as described by Meeak (33) and
Heyting and Dietrich32).

12345678910

N

RNA isolation and northern blot hybridization -

RNA was isolated from various tissues of 37-day-old rats by the

GUTCI/LICl method of Cathalat al. (34); poly(A)* RNA was T F
purified by affinity chromatography on oligo(dT)-cellulo8&)( L

RNA (15ug/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 36). 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®8SSC, dried and fixed with UV light (312 nm;
200 J/n?) for 2 min. As probes for northern blot hybridization we
used RNA transcripts of & 8eletion clone, which had been
linearized wittHindlIl. Transcription was performed from the T7 =

promotor in the presence af-f2PJrATP (3000 Ci/mmol). The

northern blot membranes were prehybridized in 50% formamide,

5% SSC, 0.1% sodium pyrophosphate, 1% SDS, 0.2% PVP, 0.2%

Ficoll, 5 mM EDTA and 15@g/ml sheared herring sperm DNA

for 6 h at 60C. Hybridization was performed in the same mixture

with 0.07 ug/ml probe (36x 100 c.p.m.fug) for 17 h at 66C. Figure 1. Reaction of antibodies used in this study with SC proteins.:l:DTSS_Cs _
Subsequenty the blots were washed for 30 min AC6R, W 0 per o ol ofan SDI0 pobacnlamcc g2 ne saner it
successively, 2SSC 0.1% SDSASSC 0.1% SDS, GISSC  poriom the position of the 190 000, the 125 000, the 30 000 and the B 000

0.1% SDS and 0X1SSC 0.1% SDS. SC proteins. Lane 1, 0.4 cm wide strip of the gel stained with Coomassie blue;
lanes 2-10, immunoblot strips of the same gel incubated in Mab IX8B11 (lane 2),
. e Mab IX2G11 (lane 3), Mab IX9D5 (lane 4), Mab IX8F1 (lane 5), Mab IX1H9
In situ hybridization (lane 6), Mab IX3E4 (lane 7), serum 493 (lane 8), pre-immune serum 493 (lane 9),
control hybridoma supernatant (lane 10).

|

In situ hybridization was performed on {uifh thick frozen sections
of rat testes, as described by Meuwisstesl (28). As a probe we
used RNA that was obtained by transcription from the T7-promoter 3x 1P binant oh | thi | of Mab
of a linearized 3deletion clone of clone 3C1; probe synthesis wa§' o9 recombinant pnage clones, this pool or Mabs

performed in the presence ob-$5SUTP (3000 CiimM, repogmzed 10 clones,' containing cDNA inserts of 1100-3900 nt
Amersham Corp.), as described by Meuwisseal (28). After with overlapping restriction enzyme maps. In or_der to isolate a
hybridization and washes, the slides were dipped in liford K IHength clone, we screened the CDNA library with the:&Rl

nuclear track emulsion, exposed for 3 weeks & dleveloped ragment of the clone with the longest insert, clone 3C1. This yielded

: : : lone 5, with an insert size of 4437 bp, which extended 500 b
in Kodak developer D19, and analyzed by dark field mlcroscopfmher in the 5direction than clone 3(?1. By successive FQACEp
experiments, performed on total testis RNA as a template, we

Other procedures identified and sequenced 334 additional nucleotides at #wd5

SCs were isolated as described by Heygingl. (37) and Heyting The nucleotide sequence of clone 3C1 and parts of the sequence

and Dietrich 82); SDS—PAGE of proteins was performed accordin f clone 5 were determined, and no discrepancies were found. The
to Laemmli (38), as described by Heytirg al. (37): immuno- ucleotide sequence of the complete cDNA, as assembled from the

blotting was carried out according to Duris), as described by Seduences of clone 3C1, clone 5, and the products of the RACE

Heyting and Dietrich%2). experiments, contains a S|_ngle open reading frame.of 4515 nt, WhICh
encodes a 173 kDa protein consisting of 1505 amino acid2)Fig.
Nucleotide 154-156 is assigned as the translation start codon

RESULTS because it is the first in-frame ATG codon; 135-133 nt upstream

Isolation of cDNAs encoding the 190 00BI, SC component of this ATG codon (position 19-21 in F@).there is an in-frame

SCP2) of the rat stop codon.
( ) We think that the nucleotide sequence in Figuepresents the

For the isolation of cDNAs encoding the 190 80Gomponent of  full-length cDNA sequence encoding the 190 BREBC protein

rat SCs, we screened a rat testis cDNA expression library, usingfathe rat, for the following reasons: (i) the recombinant gene
pool of six independently isolated Mabs, which had been elicitgokoduct is recognized by four of the six independently isolated
against isolated rat SCs. On western blots carrying SC proteins, edtabs that were used for screening (not shown). (ii) The predicted
of these Mabs recognizes specifically the 190 O@0 SC pl (8.0) is in good agreement with the pl (8) of the 190Mp0
component, and a series of smaller fragments. We interpret tbemponent as observed in two-dimensional separations of SC
smaller fragments as breakdown products of the 19Mppfbtein,  proteins {0). (i) A polyclonal antiserum, elicited against the
because different Mabs recognize the same pattern of peptide batndaslation product of part of the cDNA, serum 493, reacts
[compare Mab IX1H9 (FidL, lane 6) and IX3E4 (Fid., lane 7)].  specifically with the 190 0001, SC component on a western blot,
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Figure 2. The nucleotide sequence of the cDNA encoding SCP2 and the predicted amino acid sequence in single-letter code. The 88 ddufdifunderlined.
The p34dc2kinase target sites are boxed. The cAMP/cGMP-dependent protein kinase target sites are underlined. The coiled-coiidioataihliy ia large box.

carrying SC proteins (Fid), and a series of peptide bands, whichMabs that were used for screening [compare3-aj.this paper

are also recognized by two of the Mabs (comparelHane 8  with figure 3a in Offenbergt al.(13)]. (v) Within spermatocytes,
with lanes 6 and 7), and which we interpret as breakdowserum 493 recognizes specifically the LEs of SCs, like the Mabs
products of the 190 000, SC component. (iv) In frozen sections that were used for screening (FHg. We therefore conclude that

of the testis, serum 493 reacts specifically with nuclei of meiotiare have cloned the cDNA encoding the 190 B@omponent
prophase cells (spermatocytes): the immunofluorescence pattefnthe LEs of SCs, for which we propose the name SCP2
in Figure3 is virtually identical to the pattern obtained with the(synaptonemal complex protein 2). The discrepancy between the
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Chou-Fasman analysiég) SCP2 is rich if8-turns. No other readily
identifiable secondary structural motifs were found in SCP2.
SCP2 contains several interesting small scale amino acid
sequence motifs: the protein is enriched in S/T-P motifs, which
are common in a variety of DNA-binding proteid$), and allow
non-sequence specific binding to DNA, presumably through
interaction in the minor groove with the phosphodeoxyribose
backbone47,48). SCP2 has 15 of these motifs and in addition 40
S/T-SIT motifs, which can mimic the conformation of the S/T-P
motif (46). The S/T-P motifs occur in two clusters (F2y.which
are separated by a hydrophilic and basic domain of the protein
with a calculated pl ofB.5. SCP2 has several potential protein
kinase target sites, including one target site fof§34rotein
kinase which fulfils the consensus K-S/T-P-XZB), and two
sites which satisfy the relaxed consensus S/T-P-X€J, énd
eight cAMP/cGMP-dependent protein kinase target sites [K/R-K/
R-X-S/T, where X is any amino acidll}], which are interspersed
with the S/T-P motifs, or are located in the basic central part of the
protein. Furthermore, SCP2 contains two nuclear targeting
signals [K-R/K-X-R/K, where X is any amino acig?]].

The gene encoding SCP2 is transcribed specifically during
meiosis

The antigens recognized by the anti-190 8Q0monoclonal
antibodies Z,13) and the polyclonal anti-SCP2 serum (serum
493) (Figs3 and7) are found exclusively in meiotic prophase
cells. Northern blot analysis, performed with antisense RNA
probes derived from SCP2, revealed a single transcrigasio nt

in poly(A)* RNA from the testis, but not in RNA from other
Figure 3. Frozen section of rat testis after immunofluorescence staining withOrgans (Fig.6). Within the testis, the gene encoding SCP2 is
serum 493 (elicited against the translation product of part of the SCP2 cDNA)transcribed predominantly in meiotic prophase cells (Big.

(A) Immunofluorescence, an@) phase contrast of the same section. The
centre of the micrographs shows a cross-sectioned tubule which is i

developmental stage XllIl because it contains two layers of spermatocytes; thegQISCUSSION

are in zygotene (z) and diplotene (d) (74). The cell layer outside the,, . . h h ized in | |
spermatocyte layers contains spermatogonia (g); the cells inside the spermatocyM€10tiC prophase chromosomes are organized in loops along
layers are spermatids (t); between the tubules, there are interstitial cells (). ThBroteinaceous axes, called axial elements, which are incorporated as

upper right corner of the micrographs shows part of a stage VII-IX tubule,LESs in the tripartite structure of SCs. The axial elements are distinct
because it contains a single layer of relatively large spermatocytes; these are fijom mitotic or meiotic metaphase chromosome scaffolds in that
mid-late pachytene (Ip) (74). Bar represents (150 they largely consist of meiosis-specific componefjs Further-
more, each axial element is shared by the two sister chromatids of
relative electrophoretic mobility of the 190 Q@pSC component a meiotic prophase chromosome, whereas the sister chromatids of
and the predicted molecular weight is probably due to the fact thaiitotic or meiotic metaphase chromosomes each have their own
SCP2is a basic protein with a high percentage of proline residussaffold. Elucidation of the relation between axial elements and
Proteins with these characteristics will migrate more slowly ithromosome scaffolds will provide insight into the structure of
SDS—polyacrylamide gels than can be expected on the basischfomosomes and the mechanisms of meiotic chromosome pairing
their molecular weight4(). A similar discrepancy between and crossover formation. In mammals, major protein components of
predicted molecular weight and observed electrophoretic mobiliggxial elements have been identified, Witfs of 30 000, 33 000 and
has been found for other proteins with these characteristics, {80 000, respectivel2(11). The 30 000 and 33 08@ components
instance, the proline-rich protein RARL. Searching libraries are closely related and probably the products of a singleSEp,
of known sequences by the BlastP prograt8) fevealed a (14). The corresponding cDNA of the rat has been cloned, and
limited amino acid sequence similarity between residues 425 asrcodes a 30 kDa protein called SCP8;(the cDNAs encoding
478 of SCP2 and residues 564 and 617 of the Red1 proteinthé homologous proteins of the mouse (SYCH; and of the
Saccharomyces cerevisig€ig. 5), which has a role in SC hamster (COR124) have also been cloned. In this paper we
assembly and meiotic recombinatidri, describe the isolation and sequencing of the cDNA encoding the
190 000M, component of the axial elements.

SCP2 has features of a DNA-binding protein

Between amino acid residues 1364 and 1499, SCP2 containéE >g3re53|on of the gene encodingCP2

predicted amphipathiz-helical domain, of which, according to the The 190 000 S@/4, component occurs exclusively in meiotic
algorithm of Lupagt al.(44), the stretch between residues 1386 anghrophase nuclei, in SC8,{3,54; Figs3 and4). The experiments
1434 is capable of forming a coiled-coil structure. According tin this paper show that expressionSifp2is regulated at the
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Figure 4. Ultrastructural localization of the antigens of serum 493 by immunogold labeling of surface spread spermaloZymstefe, §) pachytene and
(d) diplotene spermatocyte®) (mmunogold labeling of the XY chromosome pair by serum 493mr{munogold labeling of a pachytene SC by Mab 1X9D5, one
of the monoclonal antibodies that were used for screening. In (a), the immunogold grains have a diameter of 5 nm, im¢h)-Baysléepresent 200 nm. The
magpnification in (c)—(e) is the same as in (b).

SCP2 425 SQPSPVKENLIHLKEKSNLQKKLTNPLEPDNSSSQRDRKNSQDEITTPSRKKMS 478
shlee Tee LML = AHETI EEE N I I L |21
RED1 564 GQPPSKKQKQFHKKEKKKQQOKKLTNFKPIIDVPSQDKRNLRSNAPTKPKSIKVS 617

Figure 5. Amino acid sequence comparison of SCP2 and the Red1 protein ofSyeamh\(siagby the BLASTP program (43). The numbers to the left indicate for
each protein the first amino acid where the similarity begins. Connecting lines indicate identical amino acid residuess anuitaol amino acid residues.

transcriptional level, because northern blot analysis of RNA frorregulation of the disassembly of the nuclear lamiig ¢urther-
various tissues only revealed transcripts oBtyg2gene in testis more, axial element component SCP3 also has two potential target
RNA (Fig. 6). A similar result was obtained earlier with respectsites for cAMP/cGMP-dependent protein kinald.(However, it

to two other major components of SCs, namely SCBlLland  still has to be sorted out whether the potential kinase target sites on
SCP3 (4). These results corroborate our earlier conclusiosCP2 are actually phosphorylategivo, and whether this plays any
(12,13) that SCs originate predominantly by assembly fronrole in the regulation of SC (dis)assembly.

newly synthesized components rather than by rearrangement of

pre-existing nuclear structures. Within the teSigp2transcripts  SCP2 has features of a DNA binding protein

occurred predominantly in meiotic prophase cells, whereas a low , i i
level of transcripts appeared to persist in spermatids {Figve SCP2 shares features with several other proteins that have a function

cannot exclude that ti&cp2gene is transcribed at very low levels N chromatin organization. SCP2 has two large clusters of S/T-P and
in other organs. Of the SCP1 gene, low levels of transcripts hagé!-S/T motifs, which flank a basic domain of the protein. S/T-P and
been detected in the brain by means of PER, @lthough such SIT-SIT motifs are common in a variety of DNA-binding proteins,
transcripts were not detectable on northern blots of brain RE)A ( and allow non-sequence-specific interaction with the minor groove
However, we doubt whether such very low levels of transcription aff DNA (47,48). Transverse filament proteins SCP1 of the@ (

functionally significant, because no SCP1 or SCP2 protein has b Zipl of yeastd), and meiotic chromosome core component
detected in any other tissue than testis and ovary. Red1 of yeast1(7,59) also contain clusters of S/T-P and S/T-S/T

motifs. Several nuclear matrix proteins also contain S/T-P clusters,
for example SAF-A, a protein for whidh vivo binding to matrix
attachment DNA-regions has been provén).( Other nuclear
The amino acid sequence of the predicted protein SCP2 containatrix proteins carrying clusters of S/T-P motifs include mammalian
several motifs of potential interest: the protein contains threeuclear matrix protein NUMAGL,62), lamins (chicken lamin A,
potential p349c2 kinase target sites, which could be important forB1 and B2, human lamin A and €3-66), repressor/activator site
regulation of the assembly and disassembly of the SC: mutationtwhding protein Rapl of yeast), and topoisomerase 167),

the CDC28 gene, which encodes $eerevisiagrotein homolo-  which is found in chromosome scaffolds’); Lamin B-1 68,69),

gous to p3%C2 causes an arrest in pachyted@;(it is thus possible  Rapl ¢2), SATB1 (70) and SCP171) have been shown to bind
that the p3%2 protein kinase plays a role in the regulation of SGo DNA in vitro, although no obvious similarity with conserved
disassembly. The major component of the transverse filamentsfefitures of DNA binding proteins could be identified in these
SCs, SCP1, also has a potential target site f6F§#3totein kinase  proteins besides the S/T-P and S/T-S/T clusters. Furthermore,
(29). Besides the p34°2 kinase target sites, SCP2 contains eighMeuwissen {1) showed that SCP1 binds to DNA through
target sites for cCAMP/cGMP dependent protein kinasg (This  interaction with the minor groove, and that its DNA-binding activity
protein kinase is possibly also involved in the regulation of S@ confined to the C-terminal domain, which contains all S/T-P and
(dis)assembly: inhibition of phosphorylation of nuclear lamins b/T-S/T motifs. In preliminary southwestern blot experiments, an
cAMP/cGMP-dependent protein kinase plays a key role in thexpression product of a large part of the SCP2 cDNA was also

Sequence and predicted secondary structure of SCP2
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Figure 6. Transcription of the gene encoding SCP2, analysed by northern blot
analysis. 151g of poly(A)* RNA from respectively, testis (T), kidney (K), brain

(B) and liver (L) was layered per 0.5 cm wide slot of a 1% denaturing agarose
gel. After electrophoresis and blotting, hybridization was performed with an
RNA transcript of an 850 bp fragment of cDNA clone 3C1. Bars indicate the
position of the 28S (4700 nt) and 18S (1900 nt) ribosomal RNA of the rat. The
arrowhead indicates the top of the gel.

capable of binding to DNA (K= 3.6 x 1(® M—L, unpublished
experiments). However, it remains to be demonstrated that SCP2
binds to DNAIn viva

Possible functions of SCP2

The localization and predicted secondary structural features of SCP2
suggest that this protein is involved in the organization of meiotic
prophase chromatin, possibly by temporarily binding to SARSs. In
detailed immunofluorescence studies (Schald, in preparation),

we found that SCP2 first assembles into short stretches of axial
element, which fuse to form long, linear, unsynapsed axial elements,
which then shorten and thicken as synapsis proceeds. How the
assembly of linear axes is accomplished is not known. It is not
necessary to suppose a specific function for SCP2 in this respect,
because chromosomes that are forced to condense from G2 in
somatic cells, which do not contain SCP2, also develop long, linear
axes (0). However, (premature) condensation from somatic G2
results in the assembly of one axis for each chromatid; only if
condensation proceeds in the presence of a topoisomerase |l
inhibitor (ICRF), a single, undivided axis is formed for the two
chror_natids Qf ea(-:h Chmmosomx- upor_1 recovgary from ICRF, Figure 7. Localization ofSCP2transcripts in the testis ly situ hybridization.

Fhe 5'”9'e axis S_p"ts’ the centromeric regions being separated last AiPhase contrast micrograph of a transverse section of a testicular tubule in
is possible that in meiotic prophase, SCP2 has a comparable eﬁé@ elopmental stage VII-IX spermatocytes (mid-late pachytene; 74).
as a topoisomerase Il inhibitor on the separation of sister chromatids) Localization of SCP2 transcript in the adjacent section fy situ

by competing with topoisomerase Il for binding to SARs. The twaghybridization; &#°S-labeled antisense RNA transcript was used as a probe. Note

sister chromatids would then remain unseparated until SCP2 Lgat the transcripts are present in the cytoplasm: nuclei are visible as ‘black
.noles’. C) Localization of SCP2 in the same section by indirect immuno-

removed, poss[bly by phosphorylation, and repIaged by t0p0|f!uorescence staining with Mab IX1H9 as primary antibody: this antibody made
somerase I, which gradually congregates onto the axial elementsart of the pool of anti-190 00d, Mabs that was used for screening of the

the second half of meiotic prophas&)( SCP2 persists in the cDNA library. Bar represents §0m.

centromeric region during meiotic metaphase | (Schall, in

preparation), as has been described earlier for SCP3 (CO#1) ( similar in that both proteins contain many S/T-P and S/T-S/T motifs

such a localization would be consistent with a role of SCP2 in sisted1 has six S/T-P motifs and 20 S/T-S/T motl§)]( and are

chromatid cohesion. The ultrastructural localization of SCP2 in tharedicted to form a short coiled-coil domain at their C-terminus.

center of the axial element (Schakal, in preparation) is also Although there are also considerable differences (Redl has a much

consistent with such a role. lower molecular weight and pl than SCP2), the similarities are of
One other possible clue to the function(s) of SCP2 is provided liyterest because Red1 is a candidate component of the axial element

the work on the yeast Red1 protein. SCP2 shows a limited sequenégeast SCsI(7). The Red1 protein localizes to the cores of meiotic

similarity to the Red1 protein of yeast. SCP2 and Redl are alpoophase chromosomek7y. red1 mutants do not assemble axial
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elements16), and display a decreased level of meiotic chromoson® Sanger,F., Nicklen,S. and Coulson,A.R. (19BE. Natl. Acad. Sci. USA
pairing, heteroduplex formatio), and interchromosomal gene __ 74 5463-5467.

. . . . 32 Heyting,C. and Dietrich,A.J.J. (199ethods Cell Bio] 35, 177—202.
conversion and crossing ovérg]. Furthermore, Redl is required 33 Moens.P.8.. Heyting,C.. Dietrich,A.J.J., Van Raamsdonk W. and Chen,Q.

for the formation of crossovers that can ensure a proper disjunction (19g7)J. cell. Biol, 105 93-103.

of homologous chromosomes at metaphasé)lgnd has a role in 34 cCathala,G., Savouret,J.F., Mendez,B., West,B.L., Karin,M., Martial,J.A.
monitoring the recombination proces®?) The involvement in and Baxter,J.D. (198)NA, 2, 329-335. '

such a variety of processes can be understood if Red1 is a structgal”Viv.H. and Leder,P. (197B)roc. Natl. Acad. Sci. USAS, 1408-1412.

. . . . Sambrook,J., Fritsch,E.F. and Maniatis,T. (1989) 2nielecular Cloning:
component of the axial elements which interacts with severa A Laboratory ManualCold Spring Harbor Laboratory Press,

proteins that function in one or more of these processes. The samecqg Spring Harbor, NY, USA.
could be true for SCP2. The cloning of the cDNA encoding SCP# Heyting,C., Dietrich,A.J.J., Redeker,E.J.W. and Vink,A.C.G. (1985)
will allow us to analyse this by searching for the proteins and DNA  Eur. J. Cell. Biol, 36, 307-314.

sequences that interact with SCP2. 38 Laemmli,U.K. (1970Nature 227, 680-685.
39 Dunn, S.D. (1986\nal. Biochem 157, 144-153.

40 Offenberg,H.H. (1993yentification and characterization of
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