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Synaptonemal complex protein 2 (SYCP2)
mediates the association of the centromere
with the synaptonemal complex

Dear Editor,

In nearly all diploid eukaryotes, meiosis is the key phase in
sexual reproduction. The typical process is completed by a
round of DNA replication followed by two consecutive rounds
of chromosome cell division (Ma et al., 2014; Page and
Hawley, 2004). Homologous chromosome pairing and seg-
regation occur in the first round of meiosis and is unique to
mitosis. The second round of meiosis bears a similarity to the
separation of sister chromatids. These events are crucial to
eukaryotic fertility and are evolutionarily conserved from
yeast to humans (Page and Hawley, 2004). A new individual
phenotype is often different from that of the parents. Varia-
tion and diversity are mediated by the synapsis of homolo-
gous chromosomes and by genetic recombination. The
mechanism of homology search and alignment remain elu-
sive. One hallmark of the first round of meiosis is the
assembly and disassembly of the synaptonemal complex
(SC) (Ma et al., 2014). Some studies have shown that the
SC plays an indispensable role in crossover formation and
genetic exchange. If the SC is disrupted, the meiosis pro-
cess becomes corrupted, leading to infertility, and even ter-
mination of the embryo (Kouznetsova et al., 2011). Down
syndrome is a clinical example of defective SC formation
(Bolor et al., 2009).

The SC was discovered more than half a century ago. Its
structure, function and assembly mechanisms have been
studied extensively using genetic, molecular and molecular
phylogenetic analyses. SCs are composed of meiosis-
specific proteins and are initiated in the early stage of meiotic
prophase | (MI). SCs are fully assembled during the pachy-
tene, one of the five MI sub-stages (leptotene, zygotene,
pachytene, diplotene and diakinesis) (Fraune et al., 2012).
Studies using electron microscopy demonstrated that func-
tional SCs share a typical tripartite structure that is evolu-
tionarily conserved across metazoan animals. The SC
structure is composed of two lateral elements (LEs) that
connect sister chromatids. Transverse filaments (TFs) pro-
vide a link between the LEs and central elements (CEs),
generating a ladder-like or zipper-like structure (Page and
Hawley, 2004). In recent years, studies of meiosis-associ-
ated proteins have provided new insight into the functional

SC structure. In mammals, SYCE1, SYCE2, SYCE3 and
TEX12 proteins have been identified as CEs. The first piece
of SYCE3 structural information provided insight into
understanding CE assembly (Lu et al., 2014). In TFs, the
fibrillary molecular SYCP1 is the key component. Its long
coiled coil domain belongs to one member of the inter-fila-
ment family. Knockout of the mouse TF gene SYCP1 led to
apoptosis in most meiotic cells during the pachytene stage
and subsequently led to both male and female infertility.
SYCP2 and SYCP3 are the main component proteins of the
LEs (Hosoya et al., 2012; Yang et al., 2006). The most recent
structural evidence demonstrated that SYCP3 formed a tet-
ramer, the N-terminal region bound DNA and the core
domain assembled itself into the LEs (Syrjanen et al., 2014).

SYCP2 has 1,500 amino acids and contains multiple
potential DNA binding motifs. Its C-terminal coiled coil region
(CCR) interacts with SYCP3 (Winkel et al., 2009). In wild
type mice, SYCP3 localized well to the SC, but in sycp2™~
mice, SYCP3 failed to localize to the LEs and accumulated
as aggregates in the nucleus. Therefore, SYCP2 is essential
for the incorporation of SYCP3 into the LEs (Yang et al.,
2006). Disruption of SYCP2 in spermatocytes resulted in
failed chromosomal synapsis. TUNEL assay and electron
microscopy data showed that spermatocytes of sycp2™~
underwent apoptosis (Yang et al., 2006). The CCR has also
been shown to interact with the SYCP3 and SYCP1 N-ter-
minal regions in yeast two-hybrid screening and immuno-
precipitation (Winkel et al., 2009; Yang et al., 2006).
However, the functional role of the SYCP2 N-terminal region
(NTR) remains unknown. In this study, we investigated the
structure and function of the SYCP2 NTR. Unexpectedly, we
discovered that the SYCP2 NTR associates with the cen-
tromere region.

To crystallize mouse SYCP2 (mSYCP2), a series of
constructs were screened. One construct of the mSYCP2
NTR (1-390 aa) was successfully crystallized, and the cor-
responding structure was determined with 2.1 A resolution
using the single anomalous dispersion method of the Sele-
nium atom (Fig. 1A and 1B). The asymmetric unit contains
one mSYCP2 NTR molecule. Of the total 390 amino acids,
residues 1-114, 119-183, 193-319, and 329-390 were
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Figure 1. Structure of the mouse SYCP2 NTR. (A) Sche-
matic representation of full-length mouse SYCP2 (1-1500 aa).
(B) lllustrated representation of the mSYCP2 NTR structure.
One molecule contains two subdomains: an ARLD and a SLD
colored in green and red, respectively. (C) Search procedure for
partners associated with the mSYCP2 NTR using a yeast two-
hybrid system. A total of 436 candidates were preliminarily
screened. (D) Verification using yeast two-hybrid screening with
mSYCP2 NTR as the bait. Five potential candidates (1-5) were
spotted onto SD/-Trp-Leu-His-Ade (QD). The corresponding
bait with empty pGBKT7 vector was used as the negative
control and spotted onto SD/-Trp-Leu and QD. Line Z (pGBKT7-
NTR and empty pGADT7) determined auto-activation effects of
the bait. Ten-fold serial dilutions of single AH109 colonies
spotted on different nutrition-restricted plates. The co-trans-
fected strains grew on QD medium for 3 days at 30°C.

clearly visible in the electron density map. The missing
regions were not built in the final model owing to poor
electron density.

The overall structure is shaped like the letter “L” and
contains two separate subdomains: an ARLD (armadillo-re-
peat-like domain) and an SLD (Spt16M-like domain). The
ARLD is composed of fourteen helices (a1 to a14, Fig. S1)
that may provide a platform for interactions with other part-
ners. The SLD consists of a twisted ten-stranded B-sheet (31
to B10) flanked by two helices (a15 to a16). Computational
and structural homolog search analysis revealed that the
ARLD structure is highly similar to that of the “required for
cell differentiation (RCD-1)” protein (Fig. S2A; DALI Z-score
of 13.3; rm.s.d. of 3.9 A). We also performed a DALI search
for the SLD. Overall, the SLD structure is highly similar to the
middle domain of the histone chaperone FACT (Fig. S2B;
DALI Z-score of 10.6; r.m.s.d. of 2.6 A). The Spt16M domain
structure adopts a canonical Pleckstrin Homology (PH)
domain architecture, which comprises a seven-stranded
antiparallel-barrel that buries a hydrophobic core and has
one end capped by a C-terminal helix. We speculate that the
SLD may participate in a chromatin related process.

To further address the functional role of mMSYCP2 NTR,
yeast two-hybrid screening assays were performed using the
mSYCP2 NTR as bait, and a matched cDNA library pre-
pared from adult mouse testis was used as the prey. Fol-
lowing the standard procedure, all clones were selected
using nutrition-restricted plates. Fifteen mmol/L 3-amino-
1,2,4-triazole (3-AT) was added to the growth medium each
time to inhibit low levels of His expression in a leaky manner
when a potential candidate was validated.

In total, 9 prey clones were preliminarily captured by
library screens. They all grew in SD/-Trp-Leu-His-Ade solid
media, with the mSYCP2 NTR as the bait. To further validate
the above candidates, an individual clone was co-trans-
fected with an mSYCP2 NTR bait vector into the AH109
strain. Eventually, only five candidates that showed no
apparent auto-activation effect (Fig. 1C) remained. After

sequencing, the results were submitted to the VecScreen
SERVER (http://www.ncbi.nlm.nih.gov/tools/vecscreen/),
and then database searches were performed using the
BLAST Service (NCBI, National Center for Biotechnology
Service) (http://www.ncbi.nim.nih.gov/BLAST). The identified
proteins included two centromere components, CENP J and
CENP F, meiosis specific function unknown protein
Fam183b, transcription factor Pou5f2 and spermatogenesis
associated 24 (Spata24) (Fig. 1D). The primary mSYCP2
partner candidate should be related to cell division, should
be involved in meiosis and should co-localize with the
SYCP2 axial element component. Implementing these cri-
teria, proteins CENP J and CENP F were selected for further
functional studies.

To determine the regions required for mSYCP2 NTR
binding, we co-expressed several truncations of the above
candidates based on protein sequence analysis in a yeast
two-hybrid assay. The results indicated that the C-terminal
coiled coil region (aa 891-1160) of CENP J is required and
sufficient for mSYCP2 NTR binding (Fig. 2A). Compared to
CENP J, the full length CENP F showed much weaker
interaction with the bait. The C-terminal domain (aa 2,461—
2,998) was responsible for interaction with the mSYCP2
NTR (Fig. 2B). Interestingly, it has been proposed that this
region interacts with tubulin (Volkov et al., 2015). To validate
interactions between mSYCP2 NTR and CENP F or CENP
J, we performed co-transfection and immunoprecipitation
experiments in COS-7 cells (Lu et al.,, 2014). Our results
were consistent with the yeast hybrid mapping assay
(Fig. 2C). Next, we investigated which region of mSYCP2 is
the major site of interaction with CENP F or CENP J. Our
results revealed that the ARLD, but not the SLD, interacted
with CENP J and CENP F (Fig. 2D and 2E). It has been
noted that the transfection of full-length CENP J or CENP F
genes into COS7 cells resulted in massive cell death. Taken
together, our data suggest that the mSYCP2 NTR interacts
with the centromere during meiosis |.

Our results, for the first time, provide insight into the
possible role of SYCP2 in SC assembly/disassembly. Our
structural analysis revealed that mSYCP2 NTR contains two
separate subdomains (an ARLD and a SLD) and that the
overall conformation appears as a “twisted arm”. The ARLD
domain belongs to the armadillo-repeat protein family. Pre-
viously published results showed that typical armadillo-re-
peat units often form a superhelix, which typically provides a
platform for many protein partners that transduce Wnt sig-
naling, such as [B-catenin. We found that the ARLD of
mSYCP2 can also associate with different protein partners,
including CENP J and CENP F. We also tried to further
address more specific residues of the ARLD that interact
with CENP J and CENP F. Three SYCP2-NTR mutants
(F166A, F244A and W328A) were built. These mutants were
then transfected into COS7 cells and the co-IP experiment
was conducted. However, we did not observe any differ-
ences between the wild type and mutants in terms of inter-
acting with CENP J and CENP F (Fig. S3). The complex
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Figure 2. SC association with the centromere. (A) Yeast two-
hybrid assay of CENP J domains associated with mSYCP2
NTR. The p53-T antigen pair and lam-T served as a system
positive and negative control, respectively. The following bait
constructs were used: CENP J wild type (1-1344 aa), CENP J
(1-890 aa), CENP J (891-1344 aa), CENP J (891-1160 aa) and
CENP J (1161-1344 aa). mSYCP2 NTR (1-390 aa) was used
as the prey in this assay. (B) Yeast two-hybrid assay of CENP F
domains with mSYCP2 NTR. The following bait constructs were
used: CENP F wild type (1-2998 aa), CENP F (1-760 aa),
CENP F (761-1130 aa), CENP F (1131-1740 aa), CENP F
(1741-2460 aa) and CENP F (2461-2998 aa). mSYCP2 NTD
(1-390 aa) was used as the prey in this assay. (C) Western blot
analysis of the co-immunoprecipitated mSYCP2 NTR with
corresponding constructs from CENP J and F. COS-7 cells
were co-transfected using SYCP2 NTD-8x Myc with CENP J
(891-1344 aa), CENP J (891-1160 aa), CENP J (1161-1344
aa) and CENP F (2461-2998 aa). (D) The ARLD and SLD of
mSYCP2 NTR interacted with CENP J and F proteins in a yeast
two-hybrid assay. CENP J (891-1344 aa), CENP J (891-1160
aa), CENP J (1161-1344 aa) and CENP F (2461-2998 aa) were
used as bait. The mSYCP2 ARLD and mSYCP2 SLD were used
as prey. (E) Western blot analysis of the ARLD and SLD of
mSYCP2 NTR co-immunoprecipitated with corresponding con-
structs from CENP J and F. (F) Proposed model of SC
association with the centromere. The N-terminal region of the
SYCP1 molecule binds to the central element consisting of
SYCE1, SYCE2, SYCE3 and TEX12 proteins. The lateral
element is composed of the SYCP1 C-terminal region and the
C-terminal regions of SYCP2 and SYCP3. The mSYCP2 NTR is
associated with the centromere. Therefore, SYCP2 acts as a
bridge to connect the centromere with the SC.

Figure 2. continued.
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structure of SYCP2 with CENP J or CENP F maybe required
to map out the detailed interactions. Interestingly, the SLD
domain structurally resembles a Spt16M molecule, which is
known as the well-recognized histone protein H2A-H2B;
thus, the SLD may be involved in chromatin binding. It was
reported that SYCP2 is tightly bound to chromatin in wild
type mice (Yang et al., 2006). We speculate that the SLD
may contribute to the association of SYCP2 with chromatin.
Unfortunately, we failed to observe NTD association with the
nucleosome in vitro. It is possible that in addition to the SLD,
another part of SYCP2 may be required for this association.

The centromere is a multi-protein complex and recruits the
kinetochore to form attachments to the microtubules of the
mitotic and meiotic spindles. CENP J and CENP F are two
components of the centromere. Using yeast two-hybrid
screening, we discovered the surprising finding that the
SYCP2 NTR associates well with the centromere. It was
reported that the C-terminal region of mSYCP2 was found to
be responsible for the association of SYCP3 and SYCP1 for
SC formation. Consistent with the localization of the SC and
the centromere to male MI chromosomes, SYCP2 and
SYCP3, as the lateral elements, begin to localize to the
chromosome core during the leptotene stage and continue to
localize until the diakinesis stage when all but the crossover
sites and the centromeres are broken down (Bisig etal., 2012).
Therefore, itis reasonable to assume that SYCP2 may actas a
bridge that brings the SC and centromere together. SYCP1
has no detectable immunofluorescence signals during the late
diplotene stage before the nuclear envelop breaks down; also,
parts of SYCP3 begin to gradually disappear during the
diplotene stage, whereas the remnants are maintained at the
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centromere as microtubules for assembly until anaphase |
(Bisig et al., 2012). These results indicate that SYCP1 and
SYCP3 are less likely to be responsible for the association of
the SC with the centromere. Of course, we cannot exclude the
possibility that other unidentified proteins may contribute to
their association. Thus, we proposed a model in which
mSYCP2 bridges the SC with the centromere (Fig. 2F).

In addition, CENP-F displays weak microtubule binding
activity on its own; Vergnolle et al. demonstrated that CENP-
F provides a link between kinetochores and Ndel1/Nde1/
Lis1/Dynein microtubule motor complexes (Vergnolle and
Taylor, 2007). We speculate that the residual SYCP2 may
act as an indirect mediator between spindle microtubules
and the synaptonemal complex, ensuring high-fidelity mei-
otic chromosome segregation during the MI stage. CENP J
proved to be required for both centriole formation and peri-
centriolar material (PCM) assembly in previous mitosis
studies (Hatzopoulos et al., 2013). However, there are no
centrioles present during mouse spermatogenesis. We
speculate that CENP J may facilitate homologous chromo-
some segregation. Future experiments on the temporal
regulation of these interactions in male meiotic cells are
required for a better understanding of the dynamic process.

ACKNOWLEDGEMENTS

We are grateful to the staff at the beamline BL-17A at Photon Factory
(Tsukuba, Japan) and at the beamline BL19U1 of the Shanghai Syn-
chrotron Radiation Facility for excellent technical assistance during data
collection. This work was supported by the National Basic Research
Program (973 Program) (Nos. 2012CB917200 and 2013CB910400 to
YS, 2014CB910201 to XY); the National Natural Science Foundation of
China (Grant Nos. 31570750 and 31370826 to YS, 31300628 to XY);
Tianjin Basic Research Program (Grant No. 14JCQNJ09300 to XY).
Jianrong Feng, Shijuan Fu, Xuan Cao, Hao Wu, Jing Lu, Ming
Zeng, Lin Liu, Xue Yang and Yuequan Shen declare that they have
no conflict of interest. This article does not contain any studies with
human or animal subjects performed by the any of the authors.

OPEN ACCESS

This article is distributed under the terms of the Creative Commons
Attribution 4.0 International License (http://creativecommons.org/
licenses/by/4.0/), which permits unrestricted use, distribution, and
reproduction in any medium, provided you give appropriate credit to
the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made.

Jianrong Feng'2, Shijuan Fu'-?, Xuan Cao"2, Hao Wu'?,
Jing Lu", Ming Zeng"?, Lin Liu"?, Xue Yang"™,
Yuequan Shen'+?3*

Electronic supplementary material The online version of this
article (doi:10.1007/s13238-016-0354-6) contains supplementary
material, which is available to authorized users.

' State Key Laboratory of Medicinal Chemical Biology, Nankai
University, Tianjin 300071, China
2 College of Life Sciences, Nankai University, Tianjin 300071, China
3 Synergetic Innovation Center of Chemical Science and Engineer-
ing, Tianjin 300071, China
< Correspondence: yangxue@nankai.edu.cn (X. Yang),
yuequan74@yahoo.com, yshen@nankai.edu.cn (Y. Shen)

REFERENCES

Bisig CG, Guiraldelli MF, Kouznetsova A, Scherthan H, Hoog C,
Dawson DS, Pezza RJ (2012) Synaptonemal complex compo-
nents persist at centromeres and are required for homologous
centromere pairing in mouse spermatocytes. PLoS Genet 8:
1002701

Bolor H, Mori T, Nishiyama S, Ito Y, Hosoba E, Inagaki H, Kogo H,
Ohye T, Tsutsumi M, Kato T et al (2009) Mutations of the SYCP3
gene in women with recurrent pregnancy loss. Am J Hum Genet
84:14-20

Fraune J, Schramm S, Alsheimer M, Benavente R (2012) The
mammalian synaptonemal complex: protein components, assem-
bly and role in meiotic recombination. Exp Cell Res 318:1340-1346

Hatzopoulos GN, Erat MC, Cutts E, Rogala KB, Slater LM, Stansfeld
PJ, Vakonakis | (2013) Structural analysis of the G-box domain of
the microcephaly protein CPAP suggests a role in centriole
architecture. Structure 21:2069-2077

Hosoya N, Okajima M, Kinomura A, Fuijii Y, Hiyama T, Sun J, Tashiro
S, Miyagawa K (2012) Synaptonemal complex protein SYCP3
impairs mitotic recombination by interfering with BRCA2. EMBO
Rep 13:44-51

Kouznetsova A, Benavente R, Pastink A, Hoog C (2011) Meiosis in
mice without a synaptonemal complex. PLoS ONE 6:€28255

LuJ, Gu YL, Feng JR, Zhou WH, Yang X, Shen YQ (2014) Structural
insight into the central element assembly of the synaptonemal
complex. Sci Rep 4:7059

Ma H, Cooke HJ, Shi Q (2014) Meiosis: recent progress and new
opportunities. J Genet Genomics 41:83-85

Page SL, Hawley RS (2004) The genetics and molecular biology of
the synaptonemal complex. Annu Rev Cell Dev Biol 20:525-558

Syrjanen JL, Pellegrini L, Davies OR (2014) A molecular model for
the role of SYCP3 in meiotic chromosome organisation. Elife
3:02963

Vergnolle MAS, Taylor SS (2007) Cenp-F links kinetochores to
Ndel1/Nde1/Lis1/Dynein microtubule motor complexes. Curr Biol
17:1173-1179

Volkov VA, Grissom PM, Arzhanik VK, Zaytsev AV, Renganathan K,
McClure-Begley T, Old WM, Ahn N, Mcintosh JR (2015)
Centromere protein F includes two sites that couple efficiently
to depolymerizing microtubules. J Cell Biol 209:813-828

Winkel K, Alsheimer M, Ollinger R, Benavente R (2009) Protein
SYCP2 provides a link between transverse filaments and lateral
elements of mammalian synaptonemal complexes. Chromosoma
118:259-267

Yang F, De La Fuente R, Leu NA, Baumann C, McLaughlin KJ,
Wang PJ (2006) Mouse SYCP2 is required for synaptonemal
complex assembly and chromosomal synapsis during male
meiosis. J Cell Biol 173:497-507

© The Author(s) 2017. This article is published with open access at Springerlink.com and journal.hep.com.cn 543

©
&)
o3
=
(]
e
o
|
o



http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://dx.doi.org/10.1007/s13238-016-0354-6

	Synaptonemal complex protein 2 (SYCP2) mediates the association of the centromere with the synaptonemal complex
	Dear Editor,
	Acknowledgements
	References




