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Summary

During mouse meiosis, the early prophase RAD51/DMC1
recombination protein sites, which are associated with the
chromosome cores and which serve as markers for ongoing
DNA-DNA interactions, are in ten-fold excess of the
eventual reciprocal recombinant events. Most, if not all, of
these early interactions are eliminated as prophase
progresses. The manner in which these sites are eliminated
is the focus of this investigation. We report that these sites
acquire replication protein A, RPA and theEscherichia coli
MUTS homologue, MSH4p, and somewhat later the Bloom
helicase, BLM, while simultaneously losing the
RAD51/DMC1 component. Eventually the RPA component
is also lost and BLM sites remain. At that time, the MUTL

locations that correspond to the distribution of reciprocal

recombination events. However, the MLH1 foci do not
appear to coincide with the remaining BLM sites. The
MLH1p is specifically localized to electron-microscope-
defined recombination nodules. We consider the possibility
that the homology-search RAD51/DMC1 complexes are
involved in homologous chromosome synapsis but that
most of these early DNA-DNA interactions are later
resolved by the anti-recombination RPA/MSH4/BLM-

topoisomerase complex, thereby preventing the formation
of superfluous reciprocal recombinant events.
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homologue, MLH1p, which is essential for reciprocal
recombination in the mouse, appears in numbers and

synaptonemal complexes, BLM, RPA, MLH1, Mouse,
Recombination nodules

Introduction 2001). Synaptic failure in the absence of RAD51/DMC1 foci

Although the number of reciprocal recombination events @ SPO1T~ mice also suggests a role for early nodules in
meiosis is similar for organisms with widely different genomesynapsis (Baudat et al., 2000; Romanienko and Camerini-
sizes such as the mouse and lily (which have between 20 af¥ero, 2000).

50 events), the number of DNA-DNA interactions that are Molecular models for the resolution of DNA-DNA
recognized by RAD51/DMC1p immunocytology at prophasenteractions without reciprocal recombination have been
of meiosis is much higher (250 for the mouse and more thagliscussed by Gilbertson and Stahl (Gilbertson and Stahl, 1996)
2000 for lily) (Anderson et al., 2001). It follows that most orand involve helicase-topoisomerase activity to resolve joint
all of these early interactions do not necessarily function in theolecules. The acquisition of replication protein A, RPA and
formation of reciprocal events. Conceivably, the numbers relateloom mutated protein, BLM, at the RAD51/DMC1 sites
to genome size, 3.3 pg for the mouse and 141 pg for lilynight be the physical manifestation of the models — RPA may
However, the genome sizes differ by a factor of 43, whereafimulate BLM-RecQ helicase activity (Brosh et al., 2000) in
the number of RAD51/DMCL1 foci in the mouse differs only concert with topoisomerase llla (Johnson et al., 2000) to
by a factor of 10 from the lily. A better correlate appears to beesolve the early DNA-DNA interactions at the RAD51/DMC1
the length of paired prophase chromosomes, as measured gites.

the total length per nucleus of the synaptonemal complexes, The development of reciprocal genetic exchange events at
SCs, which are the axes of the bivalents (abouf@0@or the  meiosis in many fungi, plants and animals can be monitored at
mouse and about 30Qdn for lily). The tentative conclusion several levels: (1) at the chromosomal level by chiasmata,
is that these foci, which are associated with the chromosonwehich are the sites of reciprocal recombination (Jones, 1987);
cores and SCs, function in SC formation (Anderson et al(2) by the recombination nodules, RNs, which correlate with
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genetic and cytological patterns of recombination (Carpentethe plastic is floated off and transferred to EM grids (Dobson et al.,
1975; Carpenter, 1979; Albini and Jones, 1988); and (3) by tHE94). The EM grids were treated with alcoholic phosphotungstic acid

MLH1p sites, which are associated with crossover site§TA) or a shadow cast at an angle of 7° with platinum-gold (Moens
(Anderson et al., 1999) et al., 1987). For rapid advancement of early prophase cells into the

Nodules are SC-associated, electron-microscope-definéiplotene stage, cells were treated for 2 hours with the phosphatase
structures that have been reported in the meiocytes of protistaniPitor okadaic acid (Tarsounas et al., 1999b).
fungi, plants and animals. In early meiotic prophase, ‘nodules’
refer to the several hundreds of small dense bodies about 18Rtibodies
nm in diameter that are associated with chromosome cores apglycional rabbit antibodies against whole hamster SCs and
SCs and contain the RAD51/DMC1 proteins in lily (Andersonpolyclonal mouse antibodies against the fusion proteins of the hamster
et al., 1997), mouse and human (Haaf et al., 1995; Moens &2 kDa chromosome core protein, COR1p, and the 125 kDa synaptic
al., 1997; Barlow et al., 1997). Since the correlation of thesprotein SYN1p have been characterized previously (Dobson et al.,
structures with reciprocal recombination is tenuous, they ark994; Tarsounas et al., 1997; Tarsounas et al., 1999a) and have been
usually referred to as ‘early nodules’, EN. The late RNs, a4sed extensively by others (Plug et al., 1997; Plug et al., 1998; Pittman

originally defined by Carpenter (Carpenter, 1975) i et al., 1998). The equivalent rat 30/33 and 125 kDa SC proteins are

in
. . named SCP3p and SCP1p (Heyting et al., 1988). From J. Ingles,
Drosophila melanogastepocyte SCs, correspond in number niversity of Toronto, we received the polyclonal rabbit anti-RPA

and location to reciprocal recomplnant ev,ents n norm_al an ntibody (Henricksen et al., 1994; He et al., 1995), which has also
mutantD. melanogasterin the rat, ‘late RNs’ are well defined peen ysed for similar experiments on RPA at meiosis (Plug et al.,
electron-dense bodies of variable shape and size, 100 to 20897; Plug et al., 1998). From J. Masson (ICRF, UK), we received
nm, located on the mature SC at pachytene stage VII of thBe recombinant HsRPA with the 14, 32 and 70 kDa subunits
spermatogenic pathway but not in earlier pachytene stages litentified with western blotting. Our mouse, 23LM, produced a
V (Clermont, 1972; Moens, 1978). Cross-sectioned SCs amblyclonal anti-RPA serum against this recombinant HsRPA with
whole-mount, shadow-cast EM preparations show that RNs aggod fluorescent and EM immunocytology. Centromeres were labeled
located on the surface of the SC either along the centr&‘l‘fﬂ)}:1 CRt'EBSLTMSGrUt'mb aj rePorted,ea(;“er (DOth(tjl? at a'-,];, 139;‘)-,-'—“9
element or obliquely across the SC (Fig.7). The reporteffPP!t ant- antibody was raised against the puriiied fusion
: rotein of the last 380 amino acids of BLMp. The antiserum
number of late RNs (19 to 22 per nuqleus) n complete EM?ecognized the appropriate 180 kDa protein in western blots of HeLa
re_co_nstr_ucted rat_-pachyt_en_e n_uclel, their non-randoru,hme_ce" extracts, and no protein was detected in the BS cell line
distribution and their association with MLH1 (Mut L homolog) hat jacked the BLMp C-terminal portion (Moens et al., 2000). Mouse
protein in rat and mouse (this report), agree with their proposegj-length, (His)6-tagged DMC1 and RAD51 proteins were
function in reciprocal recombination by Carpenter (Carpenteiverexpressed iEischerichia coliThe Ni-NTA-purified proteins were
1975; Carpenter, 1979). A number of publications havénjected into mice and rabbits that had negative pre-immune serum.
assigned various proteins to RNs but the assignments have Both types of sera cross-react with RAD51p and DMC1p, but after
previously been verified by EM demonstration of thesdmmune depletion, they were rendered specific for one or the other
proteins on the RNSs. antigen. Because it was shown with fluorescence and EM cytology of
We report the events in individual mouse and I,althe purified aﬂtlbodles that the two antigens colocalize on mouse and
spermatocyte nuclei from early to late meiotic prophase i at SC-associated early nodules (Tarsounas et al., 1999a), we used,for

¢ f eh behavi d iated t is study, the anti-DMC1 serum from our rabbit ‘Patch’ or mouse
€rms ol chromosome coré behavior and associaled protelifypp: 15 getect the mixed RAD51/DMC1 antigen in core/SC-

complexes_. The mmynofluorescence obs_;ervatlons are refingdsociated early nodules. These anti-RAD51/DMC1p antibodies
and detailed by immunoelectron microscopy of thegiffer from those used in a number of earlier reports in that they do
recombination-related proteins and by EM visualization ohot contain anti-SC antibodies, which are common contaminants of
RNs. These observations are interpreted in the context of tha&bbit serum (Ashley et al., 1995; Kovalenko et al., 1996; Moens et
chromosome synapsis and reciprocal recombination ara., 1997). The monoclonal anti-MLH1p antibody was obtained from
discussed in relation to reports by others on these events. BD Pharmingen and has been characterized by Edelmann et al.
(Edelmann et al., 1996) and Anderson et al. (Anderson et al., 1999).
The polyclonal anti-hMSH4 was generated in rabbit and has been
characterized by Santucci-Darmanin et al. (Santucci-Darmanin et al.,
) 2000). Antibodies against rat testis-specific histone H1t were
Cell preparation generated in a rabbit with. coliexpressed H1t protein (Kremer and
The nuclear contents of whole-mount spermatocyte were displayed tfistler, 1991; Moens, 1995).

surface spreading of a testicular cell suspension on a hypotonic liquid

surface (Counce and Meyer, 1973; Dresser and Moses, 1980). The

intact nuclei became attached to a plastic-coated glass slides and wbR&ging

fixed briefly with a 2% paraformaldehyde with 0.03% SDS toFluorescence from FITC- or rhodmamine-tagged secondary
permeabilize the nuclear envelope. After washing and drying in thantibodies and DAPI-stained chromatin was recorded by CCD camera
presence of the wetting agent, Kodak Photo-Flo 200, the cells wer single or multiple exposures of black and white or colour-positive
blocked with goat serum and incubated overnight with primanyfiim, ASA 400. Slides were scanned at 1,000 dpi and recorded in TIFF
antibodies at room temperature (Dobson et al., 1994). For EM, tHermat, and final images were arranged with Adobe PhotoDeluxe
cells are treated for 10 minutes withld DNase per ml MEM to make software. Images were reproduced with an Epson 700 or 870 colour
the SCs and SC-associated proteins more accessible to immunogplihter. To determine the colocation of RPA with BLM foci, the
grains (Moens et al., 1987). After washes, the cells were incubatéchages were recorded on black and white film and one positive and
for 1 hour at 37°C with fluorochrome or colloidal gold-conjugatedone negative image were superimposed. Electron micrographs of
secondary antibodies. After washes, the cells were mounted tores/SCs and immunogold were recorded at various magnifications,
ProLong Antifade (Molecular Probes) for fluorescence microscopy ot k to 10 k, and photographically enlarged. The contrast of SCs and

Materials and Methods
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nodules in EM preparations was enhanced by staining for 30 minutd®yy Anderson et al. (Anderson et al., 1999) and in somewhat
in 4% alcoholic PTA followed by a rinse with 95% ethanol. Shadow-higher numbers as observed by us. At mid pachytene, the
casting of SCs was achieved by gold-palladium evaporation at a loghromatin becomes positive for testis-specific histone 1, Hit.
angle of 7° on stationary or rotary moving grids (Moens et al., 1987)rhe DDB is no longer associated with the X chromosome.
(4) Late prophase: the repulsion stage. The main
Results chromosomal characteristic of this stage is the partial
) . ) separation of chromosome cores. The remaining paired
Staging of meiotic prophase nuclei. segments have immune staining with an anti-SYN1/SCP1
For the purpose of this study, it is essential that the successigatibody, and there are progressively shorter and fewer of these
developmental prophase stages of the mouse male meiotiegments. There are no recombination protein foci at the SCs
prophase nuclei are accurately defined. The traditional criterigr the cores under normal circumstances. Many of the
of SC formation, X-Y pairing and chromosome separation areentromeres remain in pairs. COR1/SCP1 protein is present
not always sufficient by themselves. A greater accuracy can htil diplotene progresses to metaphase |, at which time the
obtained by a combination of these structural characteristiasores become fragmented but the protein remains associated
and monitoring the presence or absence of proteins thafith sister centromeres until anaphase Il. The chromatin is
function at different stages of meiotic prophase. positive for antibodies to testis-specific histone H1t. The sex
(1) Early prophase: the leptotene stage. With CREST serumgsicle contains much elongated, sinuous X and Y
there are 40 immunofluorescent centromeres, which amhromosome cores and is positive for a variety of antibodies
frequently arranged in a few groups. The anti-COR1/SCPgTurner et al., 2000).
antibodies recognize short chromosomal core segments. There
is no staining of synapsed core segments with anti SYN1/SCP1
antibodies. Anti-RAD51 or DMC1 antibodies visualize up toTime course of RAD51/DMC1p versus RPA foci on
300 core/SC-associated immunofluorescent foci. Othgheiotic chromosome cores/SCs
recombination-related proteins, BLM, RPA, MSH4 and MLH1The RAD51/DMCL1 foci of the meiotic prophase chromosomes
are not present or rare. Antibodies against testis-specifire the sites of single-strand DNA tails that are active in
histone 1, H1t, do not cause fluorescence of the chromathomology search and strand exchange (Bishop, 1994;
(Moens, 1995). Schwacha and Kleckner, 1997). The presence of RPA protein
(2) Early prophase: the synaptic or zygotene stage. A relation to RAD51/DMCI1 foci at successive developmental
variable number of centromeres are in pairs. The chromosonséages of mouse spermatocyte nuclei at meiotic prophase is
cores are single or partially synapsed, and the synapsétlistrated in Fig. 1. The number and intensity of
segments are recognized by the anti-SYN1/SCP1 antibodigsmamunofluorescent RPA foci increases from the time the
The increasing lengths of the synapsed regions are a measuhe#omosome cores first form and synapse at the zygotene stage
of progression through the synaptic stage. The cores of the of meiosis until late in the fully synapsed state at pachytene.
and Y chromosomes are not distinct from the autosomes. Thge relative proportions of RAD51/DMC1 and RPA foci in
numbers of RAD51/DMC1 are in decline, from about 200 tandividual nuclei can be demonstrated with simultaneous
100 or less. The core and SC-associated RPA and BLM fogisualization of the two types of foci. In Fig. 1A and B, the
become numerous, up to about 200 per nucleus, and these, tearly prophase nucleus to the left of the white line is in the
decline at the late synaptic stage. MSH4 foci appear durinigptotene/zygotene stage, judging by the mostly unpaired
zygotene, but MLH1 foci are not normally present at this timecentromeres (enhanced red). This nucleus has an abundance of
The partially synapsed bivalents occasionally cause the nucleR®\D51/DMC1 foci (about 200) (Fig. 1A), but a maximum of
to resemble the late prophase diplotene stage. However, @tly 90 weak RPA foci (Fig. 1B). At a later stage, judging by
diplotene the recombination-associated proteins are ndie paired centromeres and the aligned foci, there are fewer
normally present, and the paired centromeres mostly stdyMC1 foci (approximately 90) in the nucleus on the right side
together (unlike the zygotene stage where they often are tlé Fig. 1A, while the number of RPA foci has increased to 180
last to pair). Also, the chromatin of diplotene but not zygotenén that same nucleus (Fig. 1B).
nuclei is H1t positive. The comparisons of Fig. 1A with B are reliable since the
(3) The fully synapsed pachytene stage. Except for arespective nuclei are in the same preparation and therefore
occasional bivalent that is lagging in synapsis, all theeceived the same treatments. The shift from RAD51/DMC1
autosomes are fully synapsed so that the immune stainirgci to RPA foci is a general characteristic of developmental
patterns of autosomes with anti-SYN1/SCP1 and COR1/SCR&8ogression of the prophase nucleus. The replacement is not
are the same. The X and Y chromosomes are partially pairedecessarily synchronous for individual chromosomes. In Fig.
but there is not a distinct sex body or sex vesicle associatdd, SC#1 has acquired a full complement of RPA foci, and the
with the sex chromosomes at the early pachytene stage. At tRAD51/DMC1 component is almost completely eliminated
later pachytene stages, the X and Y are embedded in a gexlging by the absence of aligned foci in SC#1 of Fig. 1C. The
vesicle. There is a spherical 400 nm double dense body, DDBame is true for SC#2. On the other hand SC#3 has aligned
associated with the X chromosome, which is visible in EMRAD51/DMCL1 foci but few and indistinct RPA foci.
images. The number of autosomal RAD51/DMC1 foci declines
to zero, but the foci of the unpaired X chromosome persist into
mid or late pachytene. There are 100 or fewer RPA, MSH4 arfldPA replaces RAD51/DMC1p
BLM foci. The MLH1 foci appear for the first time and are With the abundance of the two types of foci along the SCs, it is
present in small numbers, up to an average of 26 as reportikly that by chance alone the two types will be close together,
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Fig. 1. Time course and
interactions of SC-associated
RAD51/DMC1, RPA and BLM '
protein in mouse spermatocytes PRI ¢ W y leptotene
(A,B) RAD51/DMCI1 foci initiate = % 3 90 RPA: foci
prior to detection of RPA. To the . ; | .
left of the white line is a
spermatocyte early zygotene
nucleus with mostly unpaired
centromeres (red), which has
about 200 RAD51/DMC1 foci
(yellow). A nucleus in a later sta
of meiotic prophase to the right «
the line has fewer, about 90, foc
The same two nuclei stained for
RPA in Fig. 1B show that the eal
prophase nucleus on the left has
few and indistinct RPA foci,
whereas the pachytene nucleus
the right of the line has an
abundance of RPA foci. (C,D) Tt
shift from RAD51/DMC1 to RPA
foci is a developmental
progression for the nucleus as a
whole, but details seem to be
regulated at the level of the
individual bivalent. SC#1 and 2
have acquired a full complemen
of RPA foci (1D) and have lost
most RAD51/DMCL1 foci (1C),
whereas SC#3 still has

pachytene spermatocytes pachytene
90 RAD51/ DMCI foci . 180.RPA foci

RAD51/DMC1 foci but few and Types of Time course and abundance
indistinct RPA foci. (E) The RPA-RADS1/DMC]1 foci 2 of SC associated proteins
replapement of RADS1/DMC1 b in 9 of 40 SCs, sorted by stage and numbers of DMC1 foci g

RPA is demonstrated from the » ) 2250 RPA

relative amounts of the two & &.200 {fi-Raxst

proteins in individual foci based s 2 150

on electron microscopy of two 8 = i;lﬂ

types of immunogold grains as il £ a0- #

Fig. 2. The data from nine of 40 8 50 £ 50 MLH]
SCs are presented in a bar grap g gt , : SIS S e S e T
the top portion is the percentage a ZIVQJIJ_]“: c:ull)' parhytul'nc T pachytcn:’: leptotene  zygotene  pachytene  diplotene
foci with only RPA antigen, the E [ RPA B Mixed DMC1 F

middle portion represents the for

with both antigens, and the lower part is the percentage of pure RAD51/DMC1 foci. Each bar represents one SC, and theo@€s were
according to the prophase stage of the nucleus and by the previously documented decline in RAD51/DMC1 foci from zygdteteméo pac
(details in Materials and Methods). The composition of the protein complexes change at successively later stages ofphas®iqpydhe
line graph shows the number of fluorescent foci at progressively later stages of prophase. RAD51/DMC1 peaks at leptoteaelafzmmewh
RPA reaches its maximum and later still, BLM does. These three antigens frequently are present together in individuallfagip&#rkl at
late prophase and is present in low numbers. Each data point is one nucleus, and the staging of the nuclei is desbfédiedarsthed
Methods.

and it is difficult at the level of immunofluorescence resolutiorfoci to the point where there is no RAD51/DMC1 protein (last
to decide how much actual colocalization exists. At the higltbar in Fig. 1E). While it is possible that the mixed foci arise de
resolution of the electron micrographs in Fig. 2, it is possible toovo, the gradient of the percentages of the two types of proteins
distinguish between pure RAD51/DMC1 foci (groups of 10 nmwould favour a dynamic replacement process. The total numbers
immunogold grains), pure RPA foci (5 nm gold grains) ancdbf immunofluorescent foci per nucleus for successive
mixed foci (colocation of 5 and 10 nm gold grains). Thedevelopmental stages is demonstrated in Fig. 1F. Many of these
immunogold foci of 40 SCs were classified accordingly, and thevould be in mixed foci as shown in Fig. 1E, Fig. 2C and Fig. 4.
percentages of the three types at progressively later prophaséit high resolution, the abundance of RAD51/DMC1 foci
stages are shown for nine of the 40 SCs in the bar graph of Fand the paucity of RPA protein at the onset of chromosome
1E. It is evident from the brown middle segment of the first basynapsis is illustrated in the electron micrograph of a set of
that most of the RPA protein initially colocalizes with the partially synapsed cores in Fig. 2A. There are six or seven
RAD51/DMC1 foci. The remainder of the bars suggest that thgroups of 10 nm RAD51/DMC1l-associated immunogold
RPA gradually replaces the RAD51/DMC1 component of theyrains but only one group and a few sporadic 5 nm, RPA-
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2A

zygotene

Fig. 2.Immunoelectron
microscopy of RAD51/DMC1
(10 nm gold grains) and RPA -
(5 nm gold grains) in association

with chromosome cores/SCs in an ?
early and later meiotic prophase
spermatocyte. (A) At early meiotic
prophase, there is an abundance of
RAD51/DMC1 foci but relatively
few RPA foci in association with
partially paired zygotene
chromosome cores and SCs.

(B; insert) At a later stage,
pachytene, there are numerous
RPA foci and very few
RAD51/DMC1 foci. The RPA foci
are concentrated on central
element-associated nodules, TN.
The width of the SC is about 200
nm. (C) At early pachytene, there
are occasionally a few unpaired
centromeric ends (15 nm gold
grains). One of these ‘laggards’ is
shown to have RPA associated
with a single, unpaired
chromosome core, indicating that

RAD51/DMCL1 protein. The image
further demonstrates the presence
of mixed foci containing Fx
RAD51/DMC1 and RPA antigen
(mix). Incidental is the observation
that RPA gold grains occur as a
small loop (arrow) in this and
other electron micrographs. The
width of the SC is about 200 nm.

associated, immunogold grains. The reverse situation existsahall loop of aligned RPA gold grains, which is not

a later stage where fully synapsed chromosome cores containcommon, but the significance is unclear.

four RPA foci associated with the SC, but there is only one

RAD51/DMC1 focus (Fig. 2B, RAD51/DMC1 10 nm ) N )

immunogold grains, RPA 5 nm). At the onset of the pachytenRPA at SC-associated transitional or terminal nodules

stage, there are occasionally a few centromeric ends ®¥here the chromosome cores are fully synapsed (Fig. 2B), the
chromosomes that have not completed synapsis. Such5axm gold grains tend to be concentrated on dense nodes of the
‘laggard’ is shown in Fig. 2C, which demonstrates thecentral element of the SC, suggesting that the RPA protein is
combination of RAD51/DMC1 and RPA protein in single present in some form of nodule (Fig. 2B and insert; Fig. 4D-
nodules, marked as ‘mix’ in the figure. The arrow marks &). These nodes do not have RAD51/DMC1 protein and



1616 Journal of Cell Science 115 (8)

Fig. 3.RPA at the pseudoautosomal
region, PAR, of the X-Y chromosomes.
(A) Chromosome cores and centromeres
visualized with fluorescent tags. The X
and Y chromosomes have a short paired
region, PAR. (B) The same chromosome
visualized with anti-RPA antibody. The
autosomal SCs and the unpaired X-
chromosome core have numerous RPA
foci. The PA region frequently has the
brightest RPA focus or foci. Scale: the
SCs are about 15 mm in length.
(C; insert) At early pachytene there is
extensive non-homologous synapsis
between the distal portions of the X and
Y chromosomes. RPA is present in the
C most distal portion, presumably the
i actual PA region. (D; insert) In the rat,
£ - the late RNs are better defined than in
PAR 2. I the mouse, and the Figure illustrates a
" g B group of 5 nm RPA gold grains in
e association with a nodule.

B/
RAD51/DMCI ) .

10 nm

region has a pronounced BLM signal
X as reported previously (Moens et al.,
2000).

" When the X and the Y
chromosomes have a long non-
homologous pairing segment, there

D RPA z is RAD51/DMC1 antigen (10 nm
5nm . ; / gold grains) along the length of the
. - paired segment (Fig. 3C) as well as
PR it PAR along the core of the X
;:W A .y chromosomes. However, RPA is
i f concentrated in the terminal, PA,
— - J region (Fig. 3C) and along the X
PAR o chromosome core (Fig. 3B). In the
rat, which has better EM-defined,
SC-associated nodules, the RPA can
therefore do not conform to the concept of an ‘early nodule’be detected at the nodule in the PA region (Fig. 3D; Fig. 7B).
Since they also do not have the MLH1 protein (see below), they
therefore do not qualify as ‘late nodules’. Few if any of these _
nodules will persist and they therefore represent some sort BPA and BLMp colocalize
‘terminal’ or ‘transitional’ nodule, TN. Because RPA (this report) and BLMp (Walpita et al., 1999;
Moens et al., 2000) are frequently present on the small
] pseudoautosomal region of the X and Y chromosomes, we tested
RPA at the X-Y pseudo autosomal region the possibility that these two proteins regularly occur together in
The short Y chromosome becomes fully synapsed with théne same protein complex. For this purpose, the BLM antigen
distal portion of the long X chromosome during early meiotiovas detected by rabbit anti-BLM serum and the secondary
prophase, but the two are homologous only at their most distahtibody was tagged for fluorescent microscopy or for EM
regions, the pseudo-autosomal (PA) region (Fig. 3). In thebservation. The RPA antigen was detected by a mouse serum
laboratory rat and mouse, the PA region has one or moand differentially tagged secondary antibodies. To assess the
reciprocal recombinant events, which are presumed to regulatelative contribution of each antigen to the individual foci and to
the proper segregation of the X and the Y chromosome at the able to quantify the immunogold labeling of foci, we avoid
first meiotic division (Soriano et al., 1987). These crossoverthe use of rabbit antibodies against both BLM and RPA protein
are recognized as a chiasma at diplotene and metaphase I. Esein Walpita et al. (Walpita et al., 1999). Superposition of the
RPA antigen, marked by green FITC immunofluorescence ifluorescent images indicates that most RPA foci also have BLM
Fig. 3B, is clearly present in the terminal segment of the PAantigen (Fig. 4). Whereas the RPA signals are generally of
region. The immunofluorescence signal is frequently one of th@milar strength (Fig. 4B), the BLM signals vary widely in
brightest FITC foci of the nucleus, and this may be caused bgtensity (Fig. 4A). For this reason, it is difficult to quantify the
the presence of two or more proximal foci. Similarly, the PAcontribution of each antigen to the foci by visual evaluation of
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Fig. 4. Colocation of RPA and

ok | i BLM protein in pachytene
BLM bIaCk . spermatocytes. (A,B) The same
RPA-white nucleus immunostained for BLM

(A) and for RPA (B). (C) The BLM
image of (A) is made into a

BLM and RRA immuncgeid grains.in 43 fool negative and superimposed on the
' positive RPA image of (B). Nearly
all BLM foci colocate with RPA
foci. The relative contributions of
the two proteins to the individual

Ll RPA
AT | foci are semi-quantifiable by the
TG Il —sss—— Sizeand the intensity of the
Ity immunofluorescent signal, and this
e o il prain is somewhat more efficient than
multiple colour combinations.
(D-G) Electron micrographs of the
mix of RPA 5 nm immunogold grains and 10 nm BLM immunogold
grains at phosphotungstic acid-stained SCs and nodules. (H) With our
antibodies, there are fewer 10 nm BLM gold grains than there are 5 nm
RPA gold grains at the nodules.

n

0 BLM

number of foci

subtle colour differences. Instead, we represent the BLM signpkesent along the paired chromosome cores at meiotic
intensity by black dots (negative image) and superimpose thepeophase (Fig. 5) (Kneitz et al., 2000) (S. Santucci-Darmanin,
dots on the white RPA signals (positive image) (Fig. 4C). Thi®.B.M., F. L. Lespinasse et al., unpublished). MSH4
procedure clearly demonstrates that at the level of resolution @ifiorescent foci appear at the time that the early nodules are
immunofluorescence, most BLM foci colocalize precisely withlosing the RAD51/DMC1 component. Biochemical evidence
the RPA foci, and there is much variation in the intensity of theuggests that there is an interaction between the two types of
BLM signals as indicated by the sizes of the BLM signals.  proteins (S. Santucci-Darmanian, P.B.M., F. L. Lespinasse et
The colocation of RPA and BLM was confirmed in al., unpublished), but it is relatively rare to find co-location
immunogold-labeled foci, where the two types of gold grainspf the two types of proteins either with fluorescent
RPA 5 nm and BLM 10 nm, can be found together in the nodulasicroscopy (Fig. 5C) or with electron microscopy (Fig.
(Fig. 4E-G). For the antibodies that we use, there are more RPD,E), when the two antigens are differentially labeled.
gold grains per focus than there are BLM gold grains (Fig. 4HHowever, it is evident that MSH4 and RPA frequently co-
locate to the same foci when observed with fluorescent
microscopy (Fig. 5A) or electron microscopy (Fig. 5B). It is
MSHA4 co-locates with RPA in transitional nodules concluded that MSH4 is most|y a component of the
The meiosis-specific MSH4p homologuekfcoli MutSp is  transition/terminal nodules. Because the TNs vanish during
required for synapsis and recombination. In mouse it isneiotic prophase, it is possible that MSH4, in concert with
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Fig. 5. The association of MSH4p %

with RPA and RAD51/DMC1p. 0 A

(A) The images of the red MSH4 MSHA4. red
foci and the green RPA foci are
slightly offset to better
demonstrate the colocation of the
two types of foci. The short white
lines indicate the direction of the
offset and examples of colocating
foci. The large bright green foci
are the centromeres. (B) The
colocation is also evident with
immune electron microscopy. The
10 nm gold particles mark RPA
antigen and the 5 nm grains mark
the MSH4 antigen. The grains are
associated with a transitional
nodule at the central region of the
SC. (C) The association of
RAD51/DMC1 with MSH4 foci is
less pronounced, and evidence
from counts of five complete
nuclei with some 150 foci each
suggest that at most 10% of the
foci possibly overlap and that, in
general, the MSH4 foci appear
after the Rad51/DMC1 foci have

RPA, green
centromeres, large

MSH4, green
» RADS51/DMCI1, red

centromeres, yellow

D s |

/ 5nm -
declined in numbers. The X : RA DS]ﬁJC]
chromosome at the base of (C) has, 10 nm
as usual, prolonged presence of B RPA
RAD51/DMCI1 foci. (D,E) At the ; 10 nm SC E
EM level MSH4 foci (5 nm gold) = % \

are mostly separate from

RAD51/DMC1 foci (10 nm gold). 3

(E) The MSH4 antigen is Ay "
associated with the transitional 2 2
nodule, which has no evidence of MSH4 . e
RAD51/DMC1 antigen in this
double-labeled preparation.

RPA, BLM and others, functions in the resolution of earlythe diplotene stage in male meiosis, they persist into the
DNA-DNA interactions. diplotene stage of female meiosis.

Time course of RPA and BLM versus MLH1 MLHZ1 protein is a component of EM-defined late

Immunocytologically detectable MLH1 foci that are in recombination nodules

association with the SCs appear in the later part of meiotiEM of late pachytene mouse SCs treated with anti-MLH1
prophase after RAD51/DMCL1 foci are no longer present, anchonoclonal antibody and secondary goat anti-mouse antibody
their numbers, about 23 per nucleus, are small in comparisaagged with 5 nm gold grains show that the MLH1 antigen is
with the numbers of other foci. In general, it appears that RPhocated at the EM-defined late RNs. (Fig. 6C,E-G). The
foci are already reduced to small numbers when MLH1 focpresence of the MLH1 antigen is remarkably predictable.
first appear (Fig. 1F). The nucleus in Fig. 6A has four RPANhere one SC of a given nucleus is found to have an MLH1-
foci marked by arrows and 22 MLH1 foci, nearly the full labeled RN, all other SCs of that nucleus predictably have one
complement. There appears to be no positionabr two such RNs. This was confirmed in more than 20 nuclei.
correspondence between RPA and MLH1 foci. ElectrorThe exact localization of an MLH1-labeled RN to the point of
microscopy, however, shows the occasional presence of RRA presumptive chiasma is demonstrated in Fig. 6F and G.
in RNs (Fig. 3D; Fig. 7B). The BLM foci persist longer than Normally RNs are no longer present at the diplotene stage in
the RPA foci (Fig. 1F), and they are still present when théhe male, but when the diplotene configurations are induced
MLH1 foci develop (Fig. 6B). From immunofluorescent precociously by the phosphatase inhibitor okadaic acid in
observations, there is no clear indication that the two types @iurified early prophase cells, the MLH1 foci are still present
foci colocate (Fig. 6B). The BLM foci decline in numbers, at diplotene. The platinum/gold shadow casting enhances the
whereas the MLH1 foci remain fairly constant (Fig. 6D).appearance of the RNs in the rat (Fig. 7), but the mouse nodules
Although the MLH1 foci normally remain until the onset of are somewhat smaller and are less well defined with this
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Fig. 6.MLH1, RPA and BLM foci
at meiotic prophase. (A) MLH foci
(orange) appear in association with
the SCs (green) when there are
only a very few RPA foci (blue)
left and there is no obvious
colocation at this time. (B) BLM
foci (red) are still fairly abundant
when the MLH1 foci (green) are
: present in their nearly full
BLM-red foci * complement of 20-30 foci. There
MLH]1-green foi does not appear to be colpcatlon of
= o, BLM with MLH1. (C,E) Evidence
Chromatin-blue that MLH1 antigen, which is
marked by 5 nm gold grains,
locates to the EM-defined RNs.
The RNs are the dark-stained
(PTA) bodies in association with
the SCs. In the nuclei that are
positive for MLH1, each SC has
one or two immunogold labeled
RN RNs. (D) The bar graph illustrates
15 nuclei from mid to Iate pachytene (blue MLHI, brown BLM) the deC“ne In Immun0f|uorescent
i BLM foci, whereas the numbers of

E F G L& MLH1 foci remain relatively

: RN / f ', \\ constant at late pachytene. (F,.G) A

g / Care Y\ precocious diplotene bivalent that
o \ ; | was generated by a 2 hour okadaic

| acid treatment of a pachytene

MLH] R ~  Dbivalent demonstrates the presence

5 nm pold / - of an MLH1-labeled RN at the site

- MLHI . of a presumptive
S nm gold b ~ *  chiasmal/crossover.

SCs-green
RPA-blue, arrow
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Fig. 7. Definition of a rat recombination nodule, RN, in a shadow-cast preparation of an SC. (A) The SC consists of two lateralelements
and a median central element. (B) Occasionally RPA can be detected at these RNs. Mouse RNs are somewhat smaller ahdhelsardistin
therefore visualized with PTA in the other illustrations. The width of the SC is about 200 nm.

methodology. Therefore the alternative, PTA staining, waJhe initiation of early DNA-DNA interactions in yeast and
used to visualize mouse nodules and associated immunogatdce has been demonstrated to follow the double-strand break
grains in Figs 2-6. (DSB) model by SPO11 transesterase induction of breaks
(Keeney et al., 1997; Mahadevaiah et al., 2001). Following 5
) . strand resection, the’ 3ingle-stranded overhangs are then
Discussion coated with RAD51 and DMC1 proteins, and these function in
At issue is the question of how the numerous early DNA-DNAhomology search and joint molecule formation (Bishop, 1994;
interactions at meiotic prophase are resolved so that only a fé8chwacha and Kleckner, 1997). Deletion of SPO11 in mice
reciprocal recombination events are present at late prophasesults in the absence of RAD51/DMCL1 foci that are normally
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detected at the cores and SCs of the meiotic propha&PA and BLMp, which probably acts in conjunction with
chromosomes (Baudat et al., 2000). Because homologotpoisomerase llla.

chromosome synapsis is disrupted in these mice, it might Although it is well established that MSH4p is a partner of
indicate that the RAD51/DMC1 sites function in synapsisthe RPA/BLM complex and the TNs (Fig. 5C,D,E), its function
(Baudat et al., 2000; Romanienko and Camerini-Otero, 2000)n the complex is uncertain (S. Santucci-Darmanin, P.B.M., F.
On the basis of the correlation between SC lengths arld Lespinasse et al., unpublished). At later stages when few
numbers of RAD51/DMC1 foci in six plant species with MSH4 foci remain, it has been reported that they colocalize
widely divergent genome sizes, Anderson et al. (Anderson &tith MLH1p but here, too, the functions are still speculative
al., 2001) have also suggested that these early interactio(®antucci-Darmanin, 2000).

function in chromosome synapsis. Subsequently, most or all of

the DNA-DNA interactions evidently are resolved without

reciproca| recombination. Orlgln of recombination nodules

In the double-strand break model, the joint molecules can @ecause MLH1 protein is associated with recombinant events
resolved in a number of ways by specific enzymatic complexeand because the MLH1 foci are correlated in humber and
Depending on how the two Holliday junctions of a jointdistribution with reciprocal recombinant events, it has been
molecule are cleaved, there can be a 1:1 ratio of reciprocal hypothesized that the MLH1 foci represent the RNs in mice
non-reciprocal recombinants. Taking into account thgAnderson etal., 1999). We provide evidence in support of that
preferential resolution that causes deviations from the 1:1 ratibypothesis by showing that the MLH1 antigen is present in
there would still be a large excess of reciprocal recombinatiorsM-defined RNs (Fig. 6C,E) and that the RN and the MLH1
produced by the 250 RAD51/DMCL1 sites in the mouse wherprotein are present at the site of a chiasma (Fig. 6F,G). In
an average of only about 23 reciprocal events are observed MLH1~~mice, chromosome synapsis is normal. The repulsion
has been argued, however, that the joint molecules can also dfehomologues at the onset of meiosis appears normal but
resolved without reciprocal recombination along differentsubsequently there is a complete or near complete lack of
pathways (Gilbertson and Stahl, 1996). These pathways requichiasmata, and the result is an accumulation of univalents in
helicase and topoisomerase functions, and are therefore thie nucleus (Baker, 1996; Edelmann et al., 1996). Apparently,
particular interest to us because of the observed associationretiprocal recombinant events are mostly absent.

Bloom RecQ helicase with RAD51/DMC1 sites at the cores/SCs It is evident that most early DNA-DNA interactions that are
of meiotic prophase chromosomes (Moens et al., 2000). recognized as RAD51/DMC1 foci are resolved by mid

Bloom protein normally functions in chromosome stability prophase. At a later stage, the foci that correspond to RNs are
by the removal of DNA conformations that could lead toobserved. The question arises whether (1) a subset of the early
chromosome rearrangements or recombination. BLM proteinnteractions persist and become late RNs or (2) whether the late
as a member of the family of RecQ helicases, belongs to a claR8ls arise de novo. There is support for both propositions.
of anti-recombinases (Constantinou et al., 2000) that could (1) The EM data on RAD51/DMC1 and RPA immunogold
function to resolve the meiotic prophase chromosome@rains in Fig. 1E and Fig. 2 suggest that the early
interaction without reciprocal recombination, analogous to th@RAD51/DMC1 nodules acquire RPA, and eventually no
yeast RecQ helicase SGS1 that can resolve strand invasiBAD51/DMC1 component is present in the nodules. These
events (Frei and Gasser, 2000). Mutations ofBh#& gene  nodules also acquire BLM and MSH4 protein, and we interpret
lead to chromosome rearrangements and characteristically hiflom this that the function of these transitional nodules is the
levels of sister chromatid exchanges in somatic cells (Germaremoval of early DNA-DNA interactions without reciprocal
1993; Watt et al., 1996). BLM RecQ helicase andrecombination (see above). There does not seem to be a distinct
topoisomerase llla interact physically and functionally tocolocation of the RPA-BLM foci with the MLH1 foci as
enable passage of double-stranded DNA in somatic amdemonstrated in Fig. 6A and B. This would suggest that
meiotic human cells (Harmon et al., 1999; Johnson et alinteractions that are being resolved do not become late RNs. A
2000). Thus the complex demonstrably suppressesecond round of SPO11-RAD51/DMC1 function would be
recombination and is therefore an appropriate candidate for thequired to initiate new DSBs. There is no clear evidence for
resolution of early DNA-DNA interactions at meiotic this other than the presence of SPO11 on SCs at mid pachytene
prophase. (Romanienko and Camerini-Otero, 2000).

We observe that RAD51/DMC1 foci become associated with (2) Although the RPA and BLM proteins do not show a
RPA and somewhat later with BLMp. This observation can beontinuous presence into the RNs, the MSH4 component has
related to the reports that RecQ helicases interact with RPAeen reported to colocalize with MLH1 (Santucci-Darmanin et
Brosh et al. (Brosh et al., 2000) have shown that in vitro thal., 2000). This would argue for the progression of a select few
presence of RPA stimulates the helicase activity of BLMp, an@Ns into RNs. We also observe the presence of RPA in some
Constantino et al. (Constantino et al., 2000) show that thBNs (Fig. 3D; Fig. 7B), but we cannot determine if this
RecQ helicases WRN and BLM localize to RPA foci, whererepresents continuity or newly acquired RPA in the standard
they promote translocation of the Holliday junctions andcontext of DNA metabolic activity.
dissociate recombination intermediates. Similarly, Sakamoto et These observations on the origins of RNs are clearly related
al. (Sakamoto et al., 2001) report that WRNp colocalizes witto but do not yet resolve the issue of genetic and crossover
RPA foci at sites of induced DNA damage. Taken togetheinterference. They suggest that in the appropriate organisms
these observations provide support for the hypothesis that eady experimental conditions, the immunocytology of
meiotic prophase DNA-DNA interactions are resolved, withoutecombination-related proteins could elucidate the mechanisms
reciprocal recombination, by a protein complex that includesf interference that limit and position the crossovers.
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