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MEIOB exhibits single-stranded DNA-binding and
exonuclease activities and 1s essential for meiotic
recombination
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Sophie La Salle? & P. Jeremy Wang?

Meiotic recombination enables the reciprocal exchange of genetic material between parental
homologous chromosomes, and ensures faithful chromosome segregation during meiosis in
sexually reproducing organisms. This process relies on the complex interaction of DNA repair
factors and many steps remain poorly understood in mammals. Here we report the identi-
fication of MEIOB, a meiosis-specific protein, in a proteomics screen for novel meiotic
chromatin-associated proteins in mice. MEIOB contains an OB domain with homology to one
of the RPAL OB folds. MEIOB binds to single-stranded DNA and exhibits 3'-5" exonuclease
activity. MEIOB forms a complex with RPA and with SPATA22, and these three proteins
co-localize in foci that are associated with meiotic chromosomes. Strikingly, chromatin
localization and stability of MEIOB depends on SPATA22 and vice versa. Meiob-null mouse
mutants exhibit a failure in meiosis and sterility in both sexes. Our results suggest that
MEIOB is required for meiotic recombination and chromosomal synapsis.
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eiosis, the hallmark of gametogenesis in sexually

reproducing organisms, creates haploid germ cells from

diploid progenitors and ensures their genetic diversity
through recombination. Physical links between homologous
chromosomes permit the formation of crossovers required for
allele recombination and also facilitate accurate chromosome
segregation at the first meiotic cell division’?. Meiotic
recombination is initiated at DNA double-strand breaks (DSBs)
generated by SPOI11 (ref. 3); these DSBs become resected from
the 5'-end, yielding extended 3'-single-stranded DNA (ssDNA)
overhangs?. Replication protein A (RPA) coats ssDNA, forming
nucleoprotein filaments that prevent degradation and secondary
structure formation. Subsequent invasion of the 3'-single strand
into the duplex of the homologue is mediated by DMC1 and
RAD?5I. Strand invasion causes the displacement of one strand
of the homologue, resulting in D-loop formation®. The invading
3’-end primes new DNA synthesis, such that D-loop extension
towards the second end allows for the capture of the 3’-ssDNA
end of the other break (second end). End ligation leads to the
formation of double Holliday junctions. Although early steps of
meiotic recombination (DSB formation, end resection, strand
invasion and D-loop formation) have been relatively well
characterized, the intermediate steps of this process, such as
second-end capture, are poorly defined.

RPA is a conserved ssDNA-binding heterotrimer complex of
RPALI, RPA2 and RPA3 (ref. 6). The four oligonucleotide-binding
(OB) folds of RPA1 mediate ssDNA binding of the RPA
complex’. RPA is essential for many aspects of DNA
metabolism, notably DNA replication, DNA repair and meiotic
recombination. During meiotic recombination, RPA binds to
various ssDNA intermediates, including resected 3’-ssDNA and
the D-loop. Studies of mutant alleles of yeast RPA1 have
demonstrated that RPA is required for meiotic recombination®,
RPA is indispensible for mouse development; a homozygous
point mutation in Rpal causes early embryonic lethality®.

Here we report the identification of meiosis-specific with OB
domains (MEIOB), a meiosis-specific protein with homology to
one OB fold of RPAL, in a systematic proteomics screen for
meiotic chromatin-associated proteins. We find that mouse
MEIOB has evolved to fulfill an essential function in meiosis.

Results

Proteomics screen for meiotic chromatin-associated proteins.
To systematically identify proteins that are associated with
meiotic chromosomes, we isolated chromatin from postnatal day
18 (P18) testes, which lack post-meiotic germ cells and are thus
highly enriched for meiotic germ cells. Our adaptation of a
chromatin purification protocol for testis samples yielded highly
pure chromatin (Fig. 1a)!%!!, SYCP2, a synaptonemal complex
protein associated with meiotic chromatin'?, was present in the
chromatin fraction, whereas the cytoplasmic germ cell-specific
protein TEX19 was not detectable in the chromatin fraction by
western blot analysis (Fig. 1b)!3. To improve detection of proteins
with low abundance, we separated chromatin-associated proteins
from P18 testes by SDS-polyacrylamide gel electrophoresis
(PAGE) and analysed ten different size fractions by tandem
mass spectrometry (MS/MS; Fig. 1c). A total of 1,300 proteins
with at least one unique peptide were identified.

In addition to meiotic cells, P18 testes contain mitotic germ
cells and somatic cells (Fig. 1d). To identify proteins only
associated with meiotic chromatin, we applied a subtractive
approach, excluding chromatin-associated proteins present in
mitotic cells. Using the same biochemical/proteomics protocol,
we identified chromatin-associated proteins from postnatal day 6
(P6) mouse testes, which contain spermatogonia but no meiotic
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cells'4, and from XX~ testes, which lack all germ cells and thus
contain only somatic cells!®. By subtracting these two data sets
from the P18 data set, with a stringent cutoff value of at least 3
unique peptides in P18 but none in P6 and XXY", we identified 51
putative meiotic chromatin-associated proteins (Fig. 1d and
Supplementary Table S1).

Identification of previously known meiotic chromatin-asso-
ciated proteins confirmed the validity of our approach: 13 of
51 proteins identified are known to localize to meiotic
chromatin (SYCP1, SYCP2, SYCP3, SYCE2, SMCI1B, HOR-
MADI, H2AX, MDCI1, TERFI, TDPI1, PIWIL1, PIWIL2 and
YBX2; Supplementary Table S1), including all three synaptone-
mal complex proteins. Furthermore, the genes encoding 19
proteins identified in our screen had been subjected to targeted
deletion in mice: 11 mutants exhibited meiotic arrest, 2 showed
post-meiotic spermiogenic arrest, 4 displayed embryonic lethality
(with an unknown role in meiosis) and 2 were dispensable for
fertility. The identification of these known meiosis factors
validates our biochemical/proteomic approach and suggests
that the other 32 proteins identified in our screen are likely to
be novel meiotic chromatin-associated proteins (Supplementary
Table S1).

MEIOB is a novel meiosis-specific protein. To test whether the
newly identified putative meiotic chromatin-associated proteins
indeed localize to meiotic chromatin and function in meiosis, we
focused on one of these uncharacterized proteins—MEIOB.
MEIOB (470 amino acids (aa)) is predicted to contain an OB fold
(aa 167-272) with limited homology to the ssDNA-binding
domain-B OB domain of RPA1 (Supplementary Fig. S1). MEIOB
homologues are present in mammals, chicken, fugu fish, Droso-
phila and Arabidopsis. Western blot analyses using specific anti-
bodies raised against MEIOB confirmed its association with
chromatin; MEIOB was also detectable in the cytoplasmic and
soluble nuclear fractions of the testis (Fig. le). Although abun-
dantly expressed in the testis, MEIOB was not detectable in
somatic tissues when examined by western blotting (Fig. 1f).
MEIOB localized predominantly to the nuclei of spermatocytes in
the testis (Supplementary Fig. S2). Therefore, MEIOB is a novel
meiotic chromatin-associated protein.

MEIOB co-localizes with RPA in foci on meiotic chromosomes.
Immunostaining of spread nuclei of spermatocytes showed that
MEIOB formed discrete foci on chromosomes, foci that exhibited
a dynamic distribution pattern during meiosis (Fig. 2a—j). MEIOB
foci were absent at the early leptotene stage (Fig. 2a), became first
detectable on late leptotene chromosomes (Fig. 2b), formed arrays
along synaptonemal complexes in zygotene and early pachytene
spermatocytes (Fig. 2c,d), and disappeared in late pachytene
spermatocytes (Fig. 2e). At a range of 100-200 per cell, MEIOB
foci peaked at the zygotene stage (Fig. 2k). Notably, MEIOB foci
were formed along the partially synapsed sex chromosomes at the
pachytene stage (Fig. 2d). In addition, MEIOB formed foci on
meiotic chromosomes in fetal oocytes (Supplementary Fig. S3),
implying functional relevance of MEIOB for meiosis in both
sexes. MEIOB was absent from the adult ovary (Fig. 1f), in which
oocytes are at the diplotene stage. No focal staining was observed
in Meiob~/~ spermatocytes with the antibody used for these
analyses, demonstrating that the antibody is specific for MEIOB
and does not crossreact with RPA1 (Supplementary Fig. S4a).
We next evaluated the potential interaction of MEIOB with
other meiotic recombination-related proteins and found that
MEIOB co-localized with RPA, which forms foci on prophase I
meiotic chromosomes'®18, Immunofluorescence analyses with
antibodies specific for both the RPA1 and RPA2 subunits of RPA
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confirmed complete focal association with MEIOB (Fig. 2l-u). As
previously shown, RPA foci gradually replace RAD51 foci during
meiotic recombination; thus, only a subset of RPA foci overlap
with RAD51 foci!”. The relative distribution pattern of MEIOB
and RAD5I foci is similar to that of RPA and RAD51 foci. Early
leptotene spermatocytes contained a large number of RAD51 foci
but lacked MEIOB foci (Supplementary Fig. S5a). In zygotene
and pachytene spermatocytes (Supplementary Fig. S5b-g), the
distribution of MEIOB and RAD51 foci appeared to be dynamic:
some foci contained both proteins, some contained RAD51 only
and others contained MEIOB only. RAD51 and DMCI always
co-localize in foci on meiotic chromosomes!®. As expected,
MEIOB co-localized with DMCI1 in only a subset of foci
(Supplementary Fig. S6a-d’). In a subset of foci, MEIOB also
co-localized with MSH4, a member of the ZMM group involved
in meiotic recombination (Supplementary Fig. S6e-h’)?’. Thus,
MEIOB and RPA always co-localize, whereas MEIOB co-localizes
with RAD51, DMC1 or MSH4 only in a subset of foci.
Ultrastructural analysis by immunogold electron microscopy
showed MEIOB signal in the electron-dense nodule between
lateral elements of the synaptonemal complex (Fig. 2v). These
results suggest that MEIOB associates with RPA during meiotic
recombination.

1D
PAGE

1 slice/tube

MEIOB binds to ssDNA. A central OB domain is the only
predicted protein motif in MEIOB (Fig. 3a). OB folds are compact
barrel-like structures that can recognize and interact with single-
stranded nucleic acids or those with an unusual structure?>?2,
We expressed the central region of MEIOB including the OB fold
(aa 136-307; Fig. 3a, construct A) as a glutathione S-transferase
(GST) fusion protein and assessed its nucleic acid binding
capacity. Truncated MEIOB (construct A) bound to ssDNA with
an apparent Ky of 0.4 um (Fig. 3b,c). Truncated MEIOB exhibited
high affinity for ssDNA at least 24 nucleotides (nt) in length and
lower affinity for shorter fragments (Fig. 3d). Truncated MEIOB
also bound to dsDNA with 5'- or 3’-single-stranded flaps, but not
to dsDNA with blunt ends (Fig. 3e). These experiments
demonstrate that MEIOB is an ssDNA-binding protein.

To identify essential elements of the ssDNA-binding domain
of MEIOB, we expressed protein segments with additional
amino- and carboxy-terminal truncations and point mutations
(constructs B-G; Fig. 3a,f). We found that deletion of aa 277-307,
located C-terminal to the OB fold, resulted in a tenfold reduction
in the binding affinity (Kq for construct B: 3.9 um), whereas
deletion of aa 136-178 (construct C) abolished DNA-binding
activity. On the basis of the crystal structure of human RPA1
(ref.23), several residues in the ssDNA-binding domain-B OB
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Figure 2 | MEIOB co-localizes with RPA in foci on meiotic chromosomes. (a-e) Distribution pattern of MEIOB foci on chromatin of spermatocytes
from early leptotene through late pachytene stages. (f,j) the same cells in a-e are shown with MEIOB labelling only. (k) Number of MEIOB foci in
spermatocytes at successive stages of meiotic prophase |. Stages were determined by SYCP2 staining. I-Le, late leptotene; Zy, zygotene; e-Pa, early
pachytene; n, number of cells counted. The line indicates the average. (I-p) MEIOB co-localizes with RPAL on the meiotic chromosomes of spermatocytes.
The same spermatocyte is shown with MEIOB labelling only (I), RPAL labelling only (m) and in a merged image (n). Enlarged views of the marked
chromosome in n are shown in o and p (without or with offset channels). (q-u) MEIOB co-localizes with RPA2 on the meiotic chromosomes of
spermatocytes. The same spermatocyte is shown with MEIOB labelling only (q), RPA2 labelling only (r) and in a merged image (s). Enlarged views of the
marked chromosome in s are shown in t and u (without or with offset channels). (v) Electron microscopy with immunogold (6 nm particles, arrowhead)-
labelled MEIOB reveals signal between the lateral elements (LE) in spermatocytes. Scale bars, 10 pm (a-s); 0.2 um (v).

domain are involved in DNA binding; these are conserved in the
MEIOB OB domain (Supplementary Fig. S1). Analysis of mutant
protein segments with point mutations at such residues identified
R235 of MEIOB to be essential for DNA binding. Residue S251
was important but not required for DNA binding, as the S251A
mutation reduced the binding affinity by 4.5-fold (K4 for
construct F: 1.8 um).

MEIOB exhibits ssDNA-specific 3'-5 exonuclease activity.
When the in vitro binding assays with 5'->?P-labelled ssDNA
were performed in the presence of Mg? ™, a cleaved product
appeared proportionally to MEIOB concentration, revealing that
truncated MEIOB (construct A in Fig. 3a) exhibits Mg?™*-
dependent nuclease activity (Fig. 4a). Truncated MEIOB cleaved
ssDNA into oligonucleotides of six to predominantly eight bases
in length (Fig. 4b). Although its binding affinity to oligonucleo-
tides of <18 nt was low (Fig. 3d), truncated MEIOB cleaved
ssDNA fragments as short as 10-15 nt into 8-nt oligonucleotides
(Fig. 4c). The generation of 5'-labelled 6- to 8-nt products
indicated that truncated MEIOB has either endonuclease or

3'-exonuclease activity. Truncated MEIOB did not process 5'-flap
ssDNA, showing that it lacks 5'-exonuclease or endonuclease
activity (Fig. 4d). Rather, truncated MEIOB cleaved nucleotides
from the 3'-end of 3'-radiolabelled oligos (Fig. 4¢), demonstrating
that it is a 3/-exonuclease. The 3'-exonuclease activity of trun-
cated MEIOB was robust for ssDNA of >18 nt and lower for
shorter oligonucleotides (5-15 nt; Fig. 4e), suggesting that the
enzymatic activity of truncated MEIOB increases with stronger
DNA binding. The ability of truncated MEIOB to digest the
3'-flap DNA further validated its 3'-exonuclease activity (Fig. 4f).
The exonuclease activity of truncated MEIOB on the 3'-flap
was similar to that on ssDNA. Truncated MEIOB digested
3'-flaps efficiently to ~8 nt, digested 6- and 8-nt 3'-flaps very
inefficiently, but had no effect on 4-nt 3'-flaps (Fig. 4g). At 0.8 um,
truncated MEIOB digested ssDNA efficiently only to a length of
8 nt after 10 min of incubation (Fig. 4h). With a tenfold excess
(8 um), truncated MEIOB further digested ssDNA to <5 nt or
even completely (Fig. 4h). In conclusion, truncated MEIOB
exhibits 3’-exonuclease activity specific for ssDNA in vitro.
However, we cannot exclude the possibility that in vitro bio-
chemical analyses on truncated MEIOB proteins may not reflect
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precisely the activity of the full-length protein in vitro, in vivo, or
in partner with other proteins.

We next tested the nuclease activity of various MEIOB mutants
with truncations and point mutations (Fig. 3a). We found that all
the mutant proteins exhibited much lower nuclease activities than
construct A (Fig. 4i). Interestingly, similar to construct A,
constructs B and F digested the 36 nt ssDNA to 8 nt. In contrast,
constructs C, D, E and G produced digested oligonucleotides
longer than 8 nt, suggesting lower enzymatic processivity. As
constructs A, B and F bind to ssDNA, but C, D, E and G do not
(Fig. 3f), these data suggest that the DNA-binding property of
MEIOB might stimulate its enzymatic processivity.

MEIOB is required for meiosis and fertility in both sexes. To
uncover the requirement of MEIOB for meiosis, we disrupted the
Meiob gene (Fig. 5a). Meiob '~ mice were viable and appeared to
be healthy. Western blottmg demonstrated the absence of MEIOB
protein in Meiob™ testes (Fig. 5b), confirming that
the Meiob mutant was null Interbreeding of heterozygous
(Meiob™t/ ) mice yielded a normal Mendelian ratio (182:357:169)
of Meiob™ '+, Meiob™'~, and Meiob~'~ offspring.

Both Mezob’ /= males and females were sterile. Disruption of
Meiob resulted in dramatlcally reduced testis size (Fig. 5¢). Testes
from 8-week-old Meiob '~ males weighed 70% less than wild
type (54.516.7mg versus 184.0+10.5mg per pair; n=4;
Student’s t-test, P<0.0001). Histological analy51s revealed
complete meiotic arrest in germ cells of Meiob~/~ adult males
(Fig. 5d,e). In contrast to wild-type seminiferous tubules that
contamed a full spectrum of germ cells (Fig. 5d), tubules from
Meiob '~ testes completely lacked post-meiotic germ cells, with
zygotene-like spermatocytes reflecting the most advanced germ
cells (Fig. 5e). In addition, 3-week-old Meiob ™'~ testis also
exhibited a block in meiosis, showing that inaction of Meiob
causes meiotic failure during the first wave of spermatogenesis

and in adults (Supplementary Fig. S7). TdT-mediated dUTP nick
end labeling (TUNEL) assays showed that Meiob-deficient
spermatocytes underwent apoptosis (Fig. 5g), suggesting that
mutant germatocytes are eliminated at the pachytene
checkpoint?*

Ovaries from adult Meiob~/~ female mice were small and
devoid of oocytes of any developmental stage (Fig. 5h).
determine the time point of oocyte loss, we examined ovaries at
different ages usmg anti-YBX2 antibodies to identify oocytes?>.
Meiob ™'~ ovaries contained an abundant number of oocytes at
birth (PO, Fig. 5i), but were almost devoid of oocytes by postnatal
day 1 (Fig. 5j), with complete lack of oocytes by day 2 (Fig. 5k).
TUNEL assays revealed that oocytes in Meiob™ '~ ovaries
underwent massive apoptosis at postnatal day 1 (Fig. 51), which
is in agreement with a complete oocyte loss within the first 2 days
after birth. Complete early postnatal loss of oocytes is
characteristic of recombination-defective (Dmcl, Msh5 or Atm)
mouse mutants?®, Therefore, MEIOB is essential for meiosis in
both sexes.

MEIOB is required for chromosomal synapsis. To elucidate the
molecular defects of Meiob-deficient meiotic germ cells, we


http://www.nature.com/naturecommunications

a b c _
= @)
z 3
= — .
E L ——T ssDNA M2 S ssDNA (nt) M 36 8 10 15 18 36 46 60
% (nM)
~ AN < © 0
®oScccc o« -.sstlncut ] Uncut
e emm—y O
Bound ' * Cleaved
»— 36nt nt
Free ssDNA 9 ~ s
8 7| x=
*— b No MEIOB
Cleaved 61 Cleaved " !v
d e
5 -
8% . s
888 ssDNA (nt) M 36 5 8 10 1518 36 46 60 <9
8 8 g Sfap ot i 'l Uncut . 2 3'-flap
M *=*¥*¥_*\= 15" ' ssDNA <§( ﬁ/*#*#*
MEIOB +oF o+ - 12 MEIOB + -+
(1 mM) (1 mM) Uncut
Uncut 2p.AMP ”-
nt E
15
12 . Cleaved nt ! No MEIOB
15
10 ! - -
5
e8¢ € 1= Time
83 8 €
e Vi PN QR o o o % g
3-flap (nt) 0 4 6 8 16 MEIOB (mM) g g g g g g 248 M T A BC ‘E F G
MEIOB - + — + — + — + — + r . —
—
(0.8 mM) .: nt e 1n§ ig :i
15 |
—antats 10 8nt 10
& | : on BT EPET TR o
78 15 18 22 42 12 40

Lane 1 2 3 4 56 7 8 910

(Supplementary Fig. S8b). Such cells were not observed in wild-
type males (Supplementary Fig. S8h). In wild-type postnatal day
16 testes, ~65% of spermatocytes reached the pachytene
stage. No normal pachytene spermatocytes were observed in
Meiob™ males (Supplementary Fig. S8h), but ~15% of
Meiob™'~ spermatocytes appeared to be at a pachytene-like
stage, with shortened axial elements, suggesting chromosomal
condensation, but no evidence for synapsis (Supplementary
Fig. S8f, h). These results demonstrate that MEIOB is essential
for chromosomal synapsis.

Meiob '~ mice exhibit defects in meiotic recombination. We
next examined the process of meiotic recombination. During
meiosis, SPO11-generated DSBs lead to phosphorylation of
H2AX through the activation of the ataxia telangiectasia mutated
kinase?3-30. Ataxia telangiectasia and Rad3-related protein (ATR)
is recruited to unsynapsed chromosomes and phosphorylates
H2AX at the zygotene and pachytene stages*!32. Recombinases

% Cleaved 0 0

RAD51/DMC1 together with the HOP2-MNDI heterodimer
direct strand invasion into the homologous chromosomes,
resulting in D-loop formation®>, RPA may bind to the D-loop,
whereas ZMM proteins such as MSH4 and TEX11 facilitate the
formation of crossovers?®>, These proteins form recombination
nodules and can be visualized as foci on meiotic chromosomes?.
Analysis of chromosome spreads from Meiob ™/~ spermatocytes
revealed the presence of the majority of recombination factors
assessed: YH2AX persisted on chromatin and ATR formed foci on
synaptonemal complexes (Supplementary Fig. S9). These results
are in agreement with the severe synaptic defects in Meiob ™'~
spermatocytes (Supplementary Fig. S8). The initial numbers of
RAD51 and DMCI1 foci between wild-type and Meiob™

spermatocytes were similar at leptotene (Fig. 6ab). The
numbers of RAD51, DMCI, RPA and TEXll foci were also
comparable between wild-type and Meiob ™'~ spermatocytes at
the zygotene stage (Fig. 6a-d). Interestlngly, in the Meiob™

pachytene-like spermatocytes, the number of RAD51 and DMC1
foci decreased as expected, but RPA foci persisted (Fig. 6c),
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Figure 5 | MEIOB is required for meiosis and fertility in mice of both sexes. (a) Targeted inactivation of the Meiob gene. The mouse Meiob gene maps to
chromosome 17 and has 14 exons. Deletion of exons 6-10 (aa 111-293) is expected to cause a frame shift in the resulting transcript. (b) Absence of
MEIOB protein in P18 Meiob =/~ testis. (c) Significant size reduction in 8-week-old Meiob =/~ testis. (d,e) Histological analysis of 8-week-old wild-type
and Meiob —/ ~ testes. Zyg, zygotene spermatocytes; Pa, pachytene spermatocytes; RS, round spermatids; ES, elongated spermatids. (f,g) TUNEL analysis
of wild-type and Meiob =/~ seminiferous tubules. Note the large number of apoptotic cells (green) in Meiob =7~ tubules. Scale bar, 25 um (e.g).

(h) Histological analysis of ovaries from adult wild-type and Meiob =/~ mice. Scale bar, 50 um. (i-k) Progressive loss of oocytes in Meiob =/~ ovaries.
Frozen sections prepared from postnatal day PO, P1 and P2 wild-type and Meiob ~/ ~ ovaries were immunolabelled with anti-YBX2 antibodies. (I) TUNEL
analysis of P1 ovaries. Nuclear DNA (i-1) was counterstained with 4',6-diamidino-2-phenylindole (DAPI; blue). Scale bars, 50 um (i-I).

suggesting that in the absence of MEIOB, meiotic recombination
fails after strand invasion, or RAD51/DMCI1 filament is unstable
and falls off, leading to replacement by RPA1.

At the mid-late pachytene stage, MLHI foci become apparent
in normal spermatocytes, marking sites of crossover’®¥.
Meiob ™~ spermatocytes did not progress to the mid-late
pachytene stage and, thus, were devoid of MLHI1 foci. The
meiotic defects in fetal oocytes were similar to those observed in
spermatocytes from Meiob ™'~ mice. However, a small percent-
age of Meiob™ '~ oocytes (7%) advanced to the pachytene stage

with full synapsis by 17.5 days of embryonic development,
whereas 93% of Meiob™/~ oocytes developed to this stage. This
dlfference with males may result from the possibility that
Meiob ™~ oocytes proceed in meiosis with some synapsis
defects, which may be overcome with time, whereas mutant
spermatocytes with synapsis defects are rapidly eliminated. All
Meiob™'~ pachytene oocytes (n=30) were YH2AX-positive,
indicating that DSBs were not repaired and lacked MLH1 foci
(Supplementary Fig. S10). Our results demonstrate that the
markers of early steps of meiotic recombination (DSB formation,
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Figure 6 | MEIOB is essential for meiotic recombination. Inmunolabelling for proteins of the synaptonemal complex (SYCP2, lateral elements) and
recombination nodules was performed on spread nuclei of spermatocytes from wild-type and Meiob ~/~ testes at postnatal day 16. The meiotic stages of
spermatocytes were determined based on the morphology of the synaptonemal complexes. Spermatocytes were categorized into the following groups:
leptotene (Le), early-mid zygotene (e-2y), late zygotene (I-Zy) and pachytene (Pa). Pachytene-like (Pa-like) spermatocytes contained prominent but short
lateral elements (see Supplementary Fig. S8f). Pa-like spermatocytes were present in Meiob ~/ ~ testes but absent in wild-type testes. Dot plots for each
DNA repair protein show the number of foci per cell; solid lines designate the average for each spermatocyte category; n, number of cells counted.
Representative images of spermatocytes at early-mid zygotene stages are shown in separate channels and as merged images. (a) RAD5! foci. (b) DMCL
foci. (c) RPA foci. (d) TEX1! foci. Scale bars, 10 um.
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5'-end resection and strand invasion) are present in the absence
of MEIOB, but that markers of subsequent steps of meiotic
recombination are lacking. Our results suggest that defective
chromosomal synapsis in Meiob~/~ mice is likely to be
attributed to defects in meiotic recombination.

MEIOB forms complexes with RPA2 and SPATA22. To identify
protein partners of MEIOB, we performed immunoprecipitation
(IP) with testicular extracts using anti-MEIOB antibodies and
identified a single prominent band that was present in the
immunoprecipitated proteins from wild-type but absent from
Meiob ™'~ testes (Fig. 7a). MS/MS analysis revealed that this
band contained RPA2 and SPATA22, a meiosis-specific protein3®,
To verify the association of MEIOB with RPA2 and SPATA22, we
performed co-IP experiments followed by western blot analysis
and confirmed that RPA2 and SPATA22 were present in the
protein fraction immunoprecipitated with the anti-MEIOB
antibody (Fig. 7b). We found that SPATA22, similar to
MEIOB, formed discrete foci on meiotic chromosomes (Fig. 7c
and Supplementary Fig. S4b). Specificity of the SPATA22
antibody was confirmed by the absence of foci in Spata22 =/~
spermatocytes (Supplementary Fig. S4b). In addition, SPATA22
co-localized with MEIOB in foci on meiotic chromosomes from
spermatocytes (Supplementary Fig. S11). These studies
demonstrate that MEIOB forms protein complexes with RPA
and with SPATA22 in the testis.

Interdependent localization of MEIOB and SPATA22. RPA
foci were formed on Meiob-null meiotic chromosomes (Fig. 6¢),
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indicating that the interaction of RPA with meiotic chromatin is
independent of MEIOB. In stark contrast, SPATA22 foci were
absent in Meiob-null spermatocytes and MEIOB foci were absent
in Spata22-null spermatocytes (Fig. 7c), suggesting that MEIOB
and SPATA22 can interact with meiotic chromosomes only in the
presence of each other. Reciprocal interdependence between these
two proteins was further supported by the observation that
SPATA22 protein was absent in Meiob~/~ testes and MEIOB
protein was nearly absent in Spata22 =/~ testes (Fig. 7d). These
results also indicate that the stability of these two proteins
depends on their coexpression and interaction. Consistent with
this hypothesis, the Meiob mutant phenocopies the meiotic failure
observed in Spata22-null male and female mice8. SPATA22 has
no recognizable domains, whereas MEIOB binds to ssDNA and
exhibits 3'-exonuclease activity. These results suggest that MEIOB
may function as the catalytic subunit of this novel meiotic
recombination complex that requires SPATA22 as an essential
cofactor.

Discussion

Genetic and cytological studies in diverse organisms from yeast to
humans have yielded a wealth of knowledge on meiosis. However,
more than in other model organisms, approaches to gain insight
into mammalian meiosis have been hampered by various
obstacles. Here we have developed a biochemical and proteomics
strategy to systematically identify meiotic chromatin-associated
proteins. Our strategy has been proven to be highly successful,
identifying synaptonemal complex components, proteins critical
for meiotic recombination and factors involved in chromatin
modification. In this report, we have characterized the essential
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Figure 7 | MEIOB forms complexes with RPA2 and SPATA22. (a) Identification of MEIOB-associated proteins from P18 testes by IP and mass
spectrometry. The gel was stained with SYPRO Ruby. (b) Co-IP analysis of MEIOB with RPA2 and SPATA22 from testicular protein extracts. The asterisk
indicates a nonspecific band. (c) Interdependent localization of MEIOB and SPATA22 on meiotic chromosomes from spermatocytes. Spata22~/ ~
refers to Spata22ePro42/reprod2 mice38, Scale bar, 10 pm. (d) Western blot analysis of MEIOB and SPATA22 proteins in testes from wild-type, Meiob~/ ~

and Spata22~/~ mutant mice.
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function of one novel meiotic chromatin-associated protein—
MEIOB. Furthermore, these proteomic screen and functional
studies set the stage for future characterization of other novel
putative meiotic chromatin-associated proteins (Supplementary
Table S1).

Many key steps of meiotic recombination, such as second-end
capture, are poorly understood. Biochemical and genetic studies
have shown that yeast RAD52 has a key role in second-end
capture®®2, In biochemical assays, mammalian RAD52 also
mediates second-end capture*3. However, RAD52-deficient mice
display no abnormalities in viability and fertility, suggesting that
RAD?52 is not essential for recombination in mice, and that other
genes may functionally substitute RAD52 in mice*%.

Our results support a model in which MEIOB and its cofactor
SPATA22 may mediate second-end capture during mammalian
meiotic recombination (Fig. 8). MEIOB is not required for the
early steps of meiotic recombination, including DSB formation,
end resection and strand invasion. However, crossovers are never
formed in Meiob-deficient germ cells and, in normal pachytene
spermatocytes, the disappearance of MEIOB foci precedes the
appearance of crossovers. These results indicate that MEIOB is
likely to function at the time point after strand invasion (Fig. 8).
Similar to RAD52, MEIOB binds to ssDNA and interacts with
RPA. Therefore, in our model, we propose that MEIOB mediates
second-end capture through interactions with the RPA proteins,
which coat both the D-loop and the resected second end. Second-
end capture is a prerequisite to the double Holliday junction
pathway (Fig. 8)%°. The severe synaptic defects and persistence of
YH2AX caused by loss of MEIOB suggest that MEIOB is globally
required for DSB repair during meiosis.

We postulate that MEIOB may digest the 3'-ssDNA flap from
the first end after annealing of the second end. After strand
invasion, the first end primes DNA synthesis to extend the

DSB formation
%

D-loop towards the second end. Subsequent to the second-end
capture, the first end needs to be ligated to the resected strand of
the second end. The first end-primed DNA synthesis could
progress beyond the end point of the resected strand of the
second end, such that a 3’-ssDNA flap forms after annealing of
the D-loop with the single-stranded second end or after synthesis-
dependent strand annealing (Fig. 8). The timing of DSB end
resection and first end-primed DNA synthesis is different; thus,
generation of a gap or 3'-flap is expected after the second-end
annealing. Whereas a gap can be filled by DNA synthesis, the
repair of a 3'-flap requires different mechanisms. MEIOB may
bind to and remove the 3'-flap through its nuclease activity, such
that the ends can be ligated seamlessly without insertions. If
3’-flap is not processed, DNA helicases may act on this
intermediate and destabilize it. In vivo, RPA may inhibit MEIOB
activity on 3'-ends of ssDNA, thereby blocking promiscuous
degradation. It is also possible that binding partners such as RPA
and SPATA22 may modulate the nuclease activity and substrate
specificity of MEIOB in vivo.

In Drosophila and Arabidopsis, RPAl-related proteins
(DmHDM and AtRPA1A) have evolved to regulate crossover
formation, but neither is essential for meiotic recombination®®47.
Although certain mitotic DNA repair proteins (such as RPA
and RAD51) are utilized during meiotic recombination, many
species have developed meiosis-specific repair machinery. One
such factor is DMCI, a meiosis-specific paralogue of RAD51
(refs 48-50). Yeast meiotic recombination only requires the
D-loop forming activity of DMCI1, whereas RAD51 has a
supporting role’2, DMCI1 has evolved to initiate and engage
the first interhomologue chromosome interaction unique to
meiosis. Our results suggest that MEIOB might have evolved to
drive another interhomologue interaction unique to meiosis—
capture of the second homologue end.
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Figure 8 | Proposed model for MEIOB function during meiotic recombination. Key steps of meiotic recombination are illustrated. We propose that
the RPA-MEIOB-SPATA22 complex coats both the D-loop and the ssDNA of the second end. In this model, the interaction between RPA and MEIOB-
SPATA22 mediates second-end capture. Most DSBs are repaired through the synthesis-dependent strand annealing (SDSA) pathway, in which the
D-loop collapses back to its sister chromatid. After the second-end capture, intermediates continue to form double Holliday junctions (dHJs), which are
resolved into either crossovers or non-crossovers. We propose that MEIOB removes the 3'-flaps resulting from the first-end DNA synthesis in both

dHJ and SDSA pathways.
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Methods

Biochemical purification of chromatin. We optimized previously reported
chromatin purification protocols (Fig. 1a)1011 55 follows: 100 mg testis tissue was
homogenized in 1 ml Buffer A (250 mum sucrose, 10 mm Tris-HCI, pH 8.0, 10 mm
MgCl2, 1 mm EGTA, 1 x protease inhibitor cocktail III) and centrifuged at 300g to
separate nuclei (pellet) from cytoplasmic extract (supernatant). The nuclei were
homogenized in Buffer B (Buffer A +0.1% Triton X-100, 0.25% NP-40) and
centrifuged briefly at 100g to remove nuclear membrane particles (pellet), which
contain some chromatin (discarded). The chromatin-containing supernatant was
layered over a 1.7 M sucrose cushion and centrifuged at 50,000¢ for 1h in an
ultracentrifuge to remove soluble nuclear proteins and remnant cytoplasmic
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