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Abstract

Meiotic recombination ensures faithful segregation of homologous chromosomes during meiosis
and generates genetic diversity in gametes. MEIOB (meiosis specific with OB domains), a meiosis-
specific single-stranded DNA-binding homolog of replication protein A1 (RPA1), is essential for
meiotic recombination. Here, we investigated the molecular mechanisms of MEIOB by character-
izing its binding partners spermatogenesis associated 22 (SPATA22) and RPA. We find that MEIOB
and SPATA22 form an obligate complex and contain defined interaction domains. The interaction
between these two proteins is unusual in that nearly any deletion in the binding domains abolishes
the interaction. Strikingly, a single residue D383 in MEIOB is indispensable for the interaction. The
MEIOB/SPATA22 complex interacts with the RPA heterotrimeric complex in a collaborative manner.
Furthermore, MEIOB and SPATA22 are recruited to induced DNA double-strand breaks (DSBs) to-
gether but not alone. These results demonstrate the cooperative property of the MEIOB-SPATA22
complex in its interaction with RPA and recruitment to DSBs.

Summary Sentence

MEIOB and SPATA22 function as a novel meiosis-specific heterocomplex.
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Introduction ogous chromosome pairing and reciprocal exchange of chromo-
somal DNA in a process termed meiotic recombination [1-3].

Meiosis consists of two cell divisions that produce haploid ga-
P P 8 This leads to the generation of physical links between homolo-

metes from diploid progenitors. The first meiotic division (Meio-

sis 1) features a prolonged prophase I that coordinates homol- gous chromosomes and ensures their faithful segregation at the

end of Meiosis I. The second meiotic division (Meiosis II), like
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mitosis, involves segregation of sister chromatids. Meiotic recom-
bination and random segregation of homologous chromosomes gen-
erate genetic diversity within a population, providing a framework
for genome evolution and natural selection [4]. Importantly, er-
rors in meiosis are leading causes of aneuploidy, birth defects, and
infertility [5].

Meiotic recombination is initiated by formation of SPO11-
catalyzed DNA double-strand breaks (DSBs) [6-8]. DSB ends are
resected in a 5’ to 3’ manner to generate single-stranded DNAs
(ssDNA). The ~1000 base pair long 3’ ssDNA tails are bound
by the RPA (replication protein A) complex (a heterotrimer of
RPA1, RPA2, and RPA3). The binding of RPA to ssDNA pre-
vents degradation and secondary structure formation [9]. Resected
ssDNA ends are docking sites for ssDNA-binding recombinases
RADS51 and DMC1 [10,11]. RADS1 and DMCI1 initiate the 3’
single-strand invasion into the DNA duplex of the homologous chro-
mosome [12]. Displacement of one strand of the homolog results
in the formation of the single-stranded D loop. RAD51/DMCI1-
mediated strand invasion provides a basis for repair of DSBs as
well as synapsis of homologous chromosomes, the latter of which
requires the synaptonemal complex [13,14]. Following strand in-
vasion, recombination intermediates are repaired towards either
crossover or noncrossover pathways [1]. A number of proteins par-
ticipate in the processing of recombination intermediates, including
MSH4, MSHS, and TEX11 [15-18]. MLH1/MLH3 are endonu-
cleases responsible for the formation of the majority of crossovers
[19-22]; whereas, MUS81 produces a subset of MLH1/MLH3-
independent crossovers [23,24]. In addition, ubiquitin E3 ligase
HEI10, SUMO E3 ligase RNF212, and CNTD1 regulate crossover
formation [25-27]. Meiotic recombination is tightly regulated by
these meiosis-specific factors as well as proteins involved in gen-
eral DSB repair. Completion of at least one crossover per homolo-
gous chromosome pair ensures the accurate connection and faithful
segregation of maternal and paternal chromosomes during meiosis
I. Failure or reduction in crossover causes meiotic arrest and thus
infertility.

Although a large number of meiotic recombination proteins have
been identified, the mechanisms of recombination intermediate pro-
cessing remains elusive. We and others have discovered a meiosis-
specific protein called MEIOB (meiosis specific with OB domains)
that is required for meiotic recombination [28,29]. MEIOB is a
meiosis-specific paralog of RPA1, which is ubiquitously expressed.
MEIOB binds specifically to ssDNA in vitro and localizes as foci
on meiotic chromosomes. We previously found that MEIOB asso-
ciates with SPATA22 (spermatogenesis associated 22) and RPA2
in vivo [28]. Consistently, MEIOB colocalizes with SPATA22 and
RPA on meiotic chromosomes [28-31]. Inactivation of Meiob leads
to infertility in both sexes. In Meiob-deficient germ cells, DSBs
are formed but not repaired, resulting in a lack of crossover for-
mation. Interestingly, Meiob mouse mutant phenocopies Spata2?2
mutant [28,30-32]. The localization of MEIOB and SPATA22 on
meiotic chromosomes are interdependent; however, localization of
RPA is independent of MEIOB and SPATA22 [28,31,33]. Despite
these findings, the molecular interaction between MEIOB, SPATA22,
and RPA and the impact of these interactions on their function
remain unknown. Here, we report that MEIOB and SPATA22
form an obligate complex and harbor discrete interaction domains.
Our results show that the MEIOB-SPATA22 interaction is essen-
tial for their association with the RPA complex and recruitment to
DSBs.

Materials and methods

Expression constructs

Mouse Meiob ¢cDNA was subcloned into the pcDNA6 vector (In-
vitrogen) harboring an N-terminal Flag tag and a C-terminal Myc
tag. Mouse Spata22 cDNA was subcloned into the pcDNA6 vec-
tor harboring an N-terminal Flag tag and a C-terminal V5 tag. All
subsequent Meiob or Spata22 truncation fragments and point mu-
tations were subcloned into the above Flag-Myc or Flag-V$5 vectors,
respectively. The following 26 “alanine-scanning” Meiob point mu-
tations were generated: D298A, Y300A, K306A, P318A, F319A,
Y320A, Y324A, 1327A, D333A, D334A, E335A, F372A, L373A,
F375A, D383A, H384A, T385A, F409A, L410A, M412A, K421A,
W422A, L424A, H439A, R440A, R442A. Two additional muta-
tions (D383E and D383N) were made at D383. Mouse Rpal (iso-
form 2), Rpa2, and Rpa3 cDNAs were amplified from bulk testis cD-
NAs prepared from postnatal day 22 mice on a mixed C57BL/6] x
129 background and subcloned into the pcDNA6 vector. Green
fluorescent protein (GFP)-MEIOB, GFP-SPATA22, and GFP-RPA1
constructs were generated by subcloning into the pEGFP-C1 vector
(Clontech). All the constructs were verified by Sanger sequencing on
an ABI 3730 DNA analyzer.

Cell culture and transfections

All cells were maintained in DMEM/high glucose (Mediat-
ech) supplemented with 10% FBS (Sigma) and 1x penicillin-
streptomycin (Invitrogen). U20S-DSB reporter cell line was de-
scribed previously [34]. Plasmid DNA transfections in HEK
293T cells were carried out using a standard calcium phos-
phate method. Transfections in U20S cells were performed with
Lipofectamine 3000 (Invitrogen) according to the manufacturer’s
instructions.

Antibodies

The following primary antibodies were used in this study: anti-Myc
monoclonal (1:4000, catalog number 631206, Clontech), anti-V§
monoclonal (1:4000, catalog number R960-25, Invitrogen), anti-B-
actin (1:10 000, catalog number A5441, Sigma), anti-GFP (1:10 000,
catalog number 11814460001, Roche) and anti-Flag monoclonal
(1:10 000, catalog number F1804, Sigma) (Supplementary Table S1).

Co-immunoprecipitation and immunoblotting assays

A total of 1 x 107 cells were harvested at 24-36 h post transfec-
tion and lysed in 1 ml NETN buffer (100 mM NaCl, 1 mM EDTA,
20 mM Tris-HCI, pH 8.0, and 0.5% Nonidet P-40) supplemented
with 1x protease inhibitor cocktail (Sigma). Benzonase (Sigma) was
added to the buffer at a concentration of 90 U/ul. For immunopre-
cipitation (IP), 1.5% of the lysates were used as inputs. About 2-3
mg of the lysates were incubated with 1-2 ul of primary antibodies
for 1 h at 4°C, followed by incubation with protein G Dynabeads
(Thermo Fisher Scientific) overnight. The immunoprecipitated com-
plexes were washed with the NETN buffer four times and boiled
in 30 ul 2x SDS-PAGE (sodium dodecyl sulfate polyacrylamide gel
electrophoresis) loading buffer for 5 min. About 10-20 il of super-
natants were resolved by SDS-PAGE, transferred onto nitrocellulose
membranes using iBlot (Invitrogen), and immunoblotted with in-
dicated antibodies. Images and band quantifications were analyzed
using the Image] v1.44 software. All co-IP and quantification exper-
iments were performed at least three times.
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Figure 1. MEIOB forms an obligate complex with SPATA22. (A) Western blot analysis of MEIOB and SPATA22 protein levels in cells transfected with indicated
plasmids. g-actin serves as a loading control and GFP serves as a transfection control. The numbers below the bands indicate normalized fold increases of
MEIOB and SPATA22 protein levels. **, P < 0.01. (B) Co-IP analysis of MEIOB deletions and SPATA22. (C) Schematic diagram of MEIOB deletions and results
of interactions with SPATA22 or RPA1, respectively. +, positive co-IP; -, negative co-IP. Western blots (WB) of the first five MEIOB deletions are shown in panel
B and the remaining 11 deletions are shown in Supplementary Figure S1A and S1B. The OB fold (aa 167-272) is also shown. Western blots concerning RPA1
interaction are shown in Figure 4A. (D) Modeling of mouse MEIOB structure based on the fungus RPA heterotrimer structure by Phyre2 algorithm [19,20].
Residues 10-468 of MEIOB were modeled. Defined interaction domains and various regions are color-coded. The critical Asp383 residue is shown in blue.

DNA double-strand break recruitment assay

U20S-DSB reporter cells were grown on glass coverslips and trans-
fected with plasmids as indicated. Thirty-six hours posttransfection,
cells were treated with 1 uM Shield-1 (Cheminpharma) and 1 uM
4-hydroxytamoxifen (4-OHT) (Sigma) for 4 h. Following treatment,
cells were fixed in 2% paraformaldehyde for 10 min. Coverslips were
then mounted onto glass slides with Vectashield mounting medium
containing DAPI (Vector Laboratories). Images were captured with a
Hamamatsu C11440 digital camera connected to a Leica DM5500B
microscope equipped with a 40x/0.85 dry immersion lens. Images
were analyzed using the LAS X software. The percentage of colocal-
ization with DSB was calculated as the number of colocalization pos-
itive cells divided by the number of DSB and GFP-protein expression
double-positive cells. A minimum of 30 (MEIOB only and SPATA22
only) or 100 GFP and DSB double-positive cells were counted per
experiment. The experiments were performed three times. Statistical
analysis was performed with Student #-test. The values were pre-
sented as mean =+ s.d. (Figure 5C).

Structure modeling

The MEIOB structure was predicted using the Phyre2 protein struc-
ture prediction server [35]. The modeled structure was visualized
using Pymol.

Results

Complex formation of MEIOB and SPATA22 enhances
protein abundance

Our previous study suggests that the stability of MEIOB and
SPATA22 in germ cells is dependent on each other [28]. We tested

this possibility in a somatic cell line—HEK 293T cells, which do
not express MEIOB or SPATA22. HEK 293T cells were transfected
with mouse MEIOB alone, or mouse SPATA22 alone, or both. Strik-
ingly, coexpression of MEIOB and SPATA22 increased MEIOB
and SPATA22 protein levels by 4-fold and 9-fold, respectively
(Figure 1A). Furthermore, co-IP assay showed that MEIOB and
SPATA22 formed a complex when expressed in HEK 293T cells,
supporting that SPATA22 is a bona fide binding partner of MEIOB
(Figure 1B). These results are consistent with our previous finding
of complex formation in testis and indicate that the interaction be-
tween these two meiosis-specific proteins dramatically stabilizes both
of them.

The SPATA22-interacting domain in MEIOB is distinct
from its OB single-stranded DNA-binding domain
Given the strong association of MEIOB and SPATA22, we made
a series of deletion mutants of MEIOB to map its SPATA22-
binding domain by transfection and co-IP. We first found that
the oligonucleotide/oligosaccharide-binding (OB)-fold domain of
MEIOB (aa 167-272), which binds to ssDNA, was dispensable for
interaction with SPATA22 (Figure 1B and C). Further deletion stud-
ies showed that the SPATA22-binding domain was located in the C-
terminal region (aa 273-470), because two MEIOB fragments (1-380
and A273-380) failed to interact with SPATA22 (Figure 1B and C).
To pinpoint the SPATA22-binding domain, we generated a se-
ries of 15-20 aa deletions within the 273-470 region (Figure 1C;
Supplementary Figure STA and S1B). Co-IP assays revealed that the
region of aa 294-450 was required for its interaction with SPATA22
and thus constituted the SPATA22-binding domain, which does not
overlap with the MEIOB OB domain. Remarkably, any of these

deletions within the binding domain (aa 294-450) except
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Figure 2. D383A mutation in MEIOB abolishes its interaction with SPATA22 but not with RPA1. (A) Mutations of D383 in MEIOB disrupt interaction with SPATA22.
MEIOB WT serves as a positive co-IP control. *, antibody heavy chain. (B) Left, schematic of the co-IP analysis using separate MEIOB- or SPATA22-containing cell
lysates. Right, co-IP analysis of the interaction between SPATA22 and WT MEIOB or mutant MEIOB (D383A) by mixing of separate protein lysates. *, antibody
heavy chain. (C) Co-IP analysis of the interaction between RPA1 and WT MEIOB or mutant MEIOB (D383A). The numbers indicate a normalized RPA1/MEIOB

ratio from the IP blots. NS, not significant.

aa 341-360 abolished the interaction, suggesting a unique inter-
action property between MEIOB and SPATA22.

Aspartic acid D383 in MEIOB is required for interaction
with SPATA22

Given the unusual interaction property between MEIOB and
SPATA22, we hypothesized the existence of residues critical for their
interaction. To screen for such residues, we performed “alanine scan-
ning” mutagenesis on 26 evolutionarily conserved residues within
the SPATA22-binding domain. We identified conserved residues by
alignment of MEIOB protein sequences from six species (mouse,
human, chicken, dog, zebrafish, and Xenopus). Out of 26 residues
tested (see Materials and Methods), only one residue—D383 was
found to be essential for MEIOB-SPATA22 interaction, while mu-
tation in each of the remaining 25 residues did not disrupt the
interaction. D383A mutation completely blocked the interaction

(Figure 2A). Substitution of the aspartic acid (D383) residue for
glutamic acid (E, the same charge but different size) or asparagine
(N, same size but no charge) still disrupted the interaction (Figure
2A), suggesting that both charge and size of D383 are required for
the interaction. We observed a simultaneous decrease in the pro-
tein abundance of MEIOB and SPATA22 when D383 was mutated,
likely due to the lack of interaction (Figure 2A).

To rule out the possibility that the abolished binding was caused
by reduced protein levels of MEIOB and SPATA22 and thus re-
duced sensitivity of co-IP assay, we expressed wild-type MEIOB, mu-
tant MEIOB (D383A), and SPATA22 in HEK 293T cells separately
(Figure 2B). We then mixed equal amounts of MEIOB and SPATA22
cell lysates and performed the co-IP assay. These results showed
that wild-type MEIOB was robustly associated with SPATA22 but
MEIOB (D383A) was not (Figure 2B). Therefore, our data demon-
strate that D383 in MEIOB is required for MEIOB-SPATA22 inter-
action.
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Modeled MEIOB structure reveals spatially discrete
domains

The Phyre2 web portal was employed to generate a three-
dimensional homology model of MEIOB using the known fungus
RPA heterotrimer structure as a template (Figure 1D) [35,36]. How-
ever, modeling of the SPATA22 structure was not reliable since more
than 50% of the sequence was predicted to be disordered. The pre-
dicted MEIOB structure model suggests that the SPATA22-binding
domain is distinct from its ssDNA-binding OB fold (Figure 1D).
Consistent with its lack of effect on SPATA22-binding, the 20-aa
region (aa 341-360) comprising two B-strands is located outside
the SPATA22-binding domain. Likewise, the C-terminal a-helix (aa
451-468) has no effect on SPATA22 binding and is also located out-
side the binding domain. The critical Asp 383 is situated at a B-turn
within the SPATA22-binding domain. In conclusion, the predicted
MEIOB structure is supported by our biochemical data.

C-terminal mapping of the MEIOB-binding domain in
SPATA22

Using the same deletion strategy as described above, we defined
the MEIOB-binding domain in SPATA22 (Figure 3A). We initially
mapped the binding domain to the C-terminal region (aa 204-358)
of SPATA22 (Figure 3A and B). The binding domain was finally
narrowed down to aa 224-340 by a series of deletions of 20 aa or
fewer (Figure 3A; Supplementary Figure S2A and S2B). This region
was highly conserved and corresponded to the second conserved
region (CR2: aa 238 - 332) in SPATA22 previously defined by mul-
tiple sequence alignment [32]. Like the SPATA22-binding domain
of MEIOB, any of these 20-aa deletions in the MEIOB-binding do-
main of SPATA22 disrupted the interaction, further supporting the
unique interaction pattern between these two proteins. The origi-
nal Spata22 mutant contained a nonsense mutation at amino acid
275 (Y275X) in the MEIOB-binding domain, presumably abolishing
MEIOB-SPATA22 interaction [32].

Cooperative interaction of MEIOB and SPATA22 with
the replication protein A complex

RPA is a ubiquitous ssDNA-binding heterotrimeric complex [9].
Three lines of evidence support the notion that MEIOB functions in
close relationship with the RPA complex [28]. First, MEIOB colocal-
izes with RPA1 and RPA2 as foci in spermatocytes. Second, RPA2 is
associated with MEIOB by co-IP in testes. Third, the OB-fold domain
of MEIOB is homologous to that of RPA1 [33]. This raises an im-
portant question: how is MEIOB associated with the RPA complex?
First, by cotransfection in HEK 293T cells followed by co-IP, we
found that MEIOB was strongly associated with RPA1 (Figure 4A).
Interaction analysis using MEIOB deletion mutants showed that this
association was dependent on the OB-fold domain of MEIOB but
not the SPATA22-binding domain (Figures 1C and 4A). As expected,
the D383A mutation in MEIOB did not block its interaction with
RPA1 (Figure 2C). Second, MEIOB was associated with RPA2 in the
presence of SPATA22 but not without SPATA22 (Figure 4B). This
in vitro result recapitulated the previously reported in vivo MEIOB-
RPA2 association in testes, where both MEIOB and SPATA22 were
expressed [28]. Finally, MEIOB alone was not associated with RPA3;
however, SPATA22 promoted a strong MEIOB-RPA3 interaction
(Figure 4C). Taken together, these results demonstrate that MEIOB
directly associates with RPA1 through its OB-fold domain but re-
quires SPATA22 to interact with RPA2 and RPA3 (Figure 4D).
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Figure 3. ldentification of the MEIOB-binding domain in SPATA22. (A)
Schematic diagram of SPATA22 deletions and co-IP results of interactions
with MEIOB. +, positive co-IP; -, negative co-IP. (B) Western blots of co-IP
analysis of the first five SPATA22 deletions. The remaining eight deletions
are shown in Supplementary Figure S2A and S2B. *, antibody heavy chain.
Co-IP results of SPATA22 interaction with RPA1 are shown in panel A but
relevant western blots are shown in Supplementary Figure S3A.

We next examined the association of SPATA22 with the RPA
complex. Like MEIOB, SPATA22 was directly associated with RPA1
(Supplementary Figure S3A). The RPA1-binding domain (aa 59—
133) of SPATA22 was different from its MEIOB-binding domain
(aa 224-340) (Figure 3A). SPATA22 clearly formed a complex with
RPA2 (Supplementary Figure S3B) but did not associate with RPA3
(Supplementary Figure S3C). As neither MEIOB nor SPATA22 alone
interacts with RPA3 but the MEIOB-SPATA22 complex does, it
is possible that the RPA3-binding interface is only formed in the
complex. Even though untagged endogenous RPA1/RPA2/RPA3 are
constitutively expressed in HEK 293T cells, the endogenous RPA
proteins do not appear to interfere with our co-IP results possibly
due to their much lower abundance than the tagged overexpressed
RPA proteins. The fact that MEIOB or SPATA22 forms a complex
with the tagged RPA1 but not with the tagged RPA3 in transfected
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cells (Figure 4D) suggests that the endogenous RPA1 could not bridge
the complex formation with the overexpressed tagged RPA3.

Recruitment of MEIOB and SPATA22 to double-strand
break sites requires their complex formation

Meiotic recombination is initiated by SPO11-catalyzed DSBs [6,7].
Like other recombination proteins, MEIOB forms foci on meiotic
chromosomes in early prophase I meiocytes, suggesting that MEIOB
localizes to DSBs [28,29]. However, direct evidence of MEIOB re-
cruitment to the DSB sites is lacking. To address this question, we
utilized an inducible DSB reporter system in U20S cells, which con-
sists of a mCherry-Lacl-fused FokI endonuclease and a LacO-repeat
containing transgene element [34]. Upon administration of 4-OHT
and Shield-1, FokI is expressed, activated, recruited to the LacO-
repeat locus, and generates DSB, which is manifested as a single
red DSB focus per nucleus (Figure 5A). As a positive control, GFP-
RPA1 was mostly (90% of the time) recruited to the single DSB
in U20S cells (Figure 5B and C). MEIOB alone rarely formed foci
in U20S cells, and the rare MEIOB foci did not colocalize with
the induced DSBs (Figure 5B and C). Although RPA1 was clearly

recruited to DSBs, coexpression of RPA1 and MEIOB did not re-
store the MEIOB foci formation or recruitment of MEIOB to DSBs,
suggesting that MEIOB-RPA1 interaction is not sufficient for DSB
recruitment (Figure 5B and C). However, when SPATA22 was co-
expressed, GFP-MEIOB formed discrete foci in cells, one of which
nearly always (90%) overlapped with the DSB focus (Figure 5B and
C). Likewise, GFP-SPATA22 alone formed aggregates that did not
colocalize with the DSB focus. With the coexpression of MEIOB,
GFP-SPATA22 formed discrete foci, one of which overlapped with
the DSB focus (Figure 5C). These results demonstrate that MEIOB
and SPATA22 are robustly recruited to induced DSBs when coex-
pressed. MEIOB or SPATA22 interacts with RPA1 but neither alone
is recruited to DSBs in U20S cells, suggesting that the endogenous
RPA1 in U20S cells is not sufficient to recruit either protein to
DSBs.

We examined the effect of the interaction-blocking mutation in
MEIOB on DSB recruitment. GFP-MEIOB D383A failed to form
DSB-colocalizing foci by itself or with the coexpression of SPATA22
(Figure 5B and C). This result shows that the complex formation of
MEIOB and SPATA22 is required for recruitment to DSB sites.
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Figure 5. DSB recruitment of MEIOB and SPATA22 depends on their coexpression and interaction. (A) Schematic of the inducible DSB reporter in U20S cells.
ER, estrogen receptor; DD, destabilization domain; 4-OHT, 4-hydroxytamoxifen; Shield-1, stabilizing ligand of DD-tagged protein. (B) Representative images of
the colocalization between GFP-tagged proteins and induced DSBs (red). Reporter U20S cells were transfected with indicated plasmids before administration of
Shield-1 and 4-OHT. Scale bar, 10 um. (C) Percentage of the indicated GFP-tagged proteins that colocalize with DSBs. More than 30 GFP and DSB double-positive
cells were counted per experiment. The experiments were performed three times. ***, P < 0.005; N.S., not significant.

Discussion

In this study, we have comprehensively characterized the interactions
between MEIOB and SPATA22 as well as with the RPA complex,
providing mechanistic insights into their role in meiotic recombi-
nation. Our results demonstrate that MEIOB and SPATA22, two
meiosis-specific proteins, strongly interact with each other, suggest-
ing that they form a heterodimer or a hetero-oligomer. Multiple lines
of evidence support the heterodimer/oligomer formation of MEIOB
and SPATA22: co-IP in testes [28], interdependent protein stability
in testes [28,31], colocalization on meiotic chromosomes [28,30,31],
co-IP and interdependent stability in a heterologous system (HEK
293T somatic cells, this study). Meiotic recombination proteins often
function as heterodimers such as RAD51/DMC1 [11], HOP2/MND1
[37], MSH4/MSHS [16], and MLH1/MLH3 [22]. RADS1/DMC1
recombinases form filaments on resected 3’ ssDNA ends and drive
strand invasion into the homologous chromosome [11,38]. The

HOP2/MND1 heterodimer interacts with RAD51/DMC1 and aug-
ments their recombinase activities [37]. MSH4/MSHS stabilizes in-
vasion intermediates and Holliday junctions [16]. MLH1/MLH3 is
a MSH2/MSH3-stimulated endonuclease and is required for for-
mation of most meiotic crossovers [17,22]. Our previous studies
suggest that MEIOB/SPATA22 may function in the second end cap-
ture after strand invasion [28]. Study of a Spata22 rat mutant sug-
gests that SPATA22 is important for the maintenance of RADS1
foci on meiotic chromosomes [30]. Our data support that MEIOB
and SPATA22 form a new meiosis-specific heterodimer. Future bio-
chemical experiments will be needed to determine the role of the
MEIOB/SPATA22 heterodimer during meiotic recombination and
its relationship with the above mentioned other meiosis-specific het-
erodimers.

The MEIOB-SPATA22 interaction exhibits unique characteris-
tics. We have identified the discrete interaction domains in both
proteins. Unusually, a series of small deletions within the interaction
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domains of either protein abolished their interaction, suggesting that
their binding is synergistic and that disruption anywhere along the
binding interface may lead to the collapse of the complex. In support
of this notion, strikingly, a single amino acid D383 in the SPATA22-
binding domain of MEIOB is essential for the interaction. Muta-
tion studies showed that both charge and structure at residue D383
are important. The majority of binding energy required for protein-
protein complex formation usually involves only a few key residues
within an interaction hot spot [39]. Therefore, residue D383 is a crit-
ical residue presumably located in such an interaction hot spot. As an
alternative explanation, the small deletions in the binding domains
and the D383 A mutation could result in misfolding of the respective
binding domains. The precise role of D383 and the boundaries of
the binding domains may be revealed once the crystal structure of
the MEIOB-SPATA22 complex is solved in the future.

Both MEIOB and SPATA22 interact with RPA1. Notably, the
RPA1-binding domains in MEIOB and SPATA22 are separate from
their dimerization domain, suggesting that they are capable of inter-
acting with RPA1 as a heterocomplex (Figures 1C and 3A). Further-
more, neither MEIOB nor SPATA22 alone interacts with RPA3, but
they do when both are present. These results support the notion that
MEIOB and SPATA22 interact with the RPA complex in a cooper-
ative manner. Based on these extensive interaction studies, we hy-
pothesize that the MEIOB-SPATA22 heterodimer interacts with the
RPA heterotrimeric complex in vivo (Figure 4D). Interestingly, RPA
still forms foci on meiotic chromosomes in the absence of MEIOB
or SPATA22, showing that the formation and localization of the
RPA complex are independent of MEIOB and SPATA22 [28-31].
To address whether the focal localization of MEOB/SPATA22 re-
quires RPA, conditional inactivation of RPA1 in meiotic germ cells
is required in future studies, since global inactivation of Rpal is
embryonic lethal [40]. It is also possible that there are in vivo sub-
complexes of different combinations such as MEIOB/RPA2/RPA3,
MEIOB/SPATA22/RPA2, MEIOB/SPATA22/RPA3, etc. Future bio-
chemical experiments on testes and an Rpal conditional knockout
mutant will be needed to test this possibility. Both MEIOB and RPA1
bind to ssDNA. We find that the RPA1-binding domain and ssDNA-
binding domain in MEIOB overlap with each other. This raises the
possibility that binding of RPA with the MEIOB/SPATA22 complex
may dislodge the complex from ssDNA or vice versa.

Biochemically, MEIOB possesses ssDNA-binding activity
[28,29]. Many ssDNA-binding proteins are recruited to the DSB
sites in germ cells, including RPA, RADS51, and DMC1 [41]. MEIOB
colocalizes with RPA as foci on meiotic chromosomes, showing that
MEIOB is recruited to DSBs in germ cells. Here we show that, in
human bone osteosarcoma (U20S) cell line (somatic cells), MEIOB
and SPATA22 are recruited to DSBs as a complex but not alone.
The MEIOB-SPATA22 complex localizes to DSBs possibly through
direct binding to ssDNA or interaction with other proteins at DSBs.
Furthermore, our result from U20S cells suggests that the recruit-
ment of the MEIOB-SPATA22 complex to DSBs may not require
additional meiosis-specific proteins in vivo.

Study of MEIOB/SPATA22 may have translational implications.
MEIOB is a cancer-testis gene and plays a role in tumorigenesis in
human lung adenocarcinoma [42]. MEIOB could be a cancer im-
munotherapy target, since it is not present in normal somatic cells.
Given the specific requirement of MEIOB and SPATA22 for fertility
in rodents (mouse and rat) [28-32], mutations in either gene in hu-
mans are expected to cause sterility. The unusual interaction prop-
erties between MEIOB and SPATA22 may provide opportunities
for the development of protein—protein interaction inhibitors with

potential as male contraceptive agents. Such contraceptives are ex-
pected to be reversible with minimal side effects, since both MEIOB
and SPATA22 are only present in meiotic germ cells.

Supplementary data

Supplementary data are available at BIOLRE online.

Supplementary Figure S1. Additional western blot images for
identification of the SPATA22-interaction domain in MEIOB. (A and
B) Co-IP analysis of the remaining 11 MEIOB deletions (Figure 1C)
and SPATA22. *, antibody heavy chain.

Supplementary Figure S2. Additional western blot images for
identification of the MEIOB-interaction domain in SPATA22. (A
and B) Co-IP analysis of the remaining eight SPATA22 deletions
(Figure 3A) and MEIOB.

Supplementary Figure S3. Associations between SPATA22 and
the RPA1-RPA2-RPA3 trimer. (A-C) Co-IP analysis of the interac-
tions between SPATA22 and RPA1 (A), RPA2 (B), and RPA3 (C).
Co-IP results of interactions between SPATA22 variants and RPA1
are summarized in Figure 3A. *, antibody heavy chain. **, this band
(~37 kDa) is likely due to translation initiation from an internal
ATG codon in SPATA22. This band also appears in Figure 3B.

Table S1. List of antibodies.
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