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A new role for the synaptonemal complex
in the regulation ot meiotic recombination
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Proper segregation during meiosis requires that homologs
be connected by the combination of crossovers and sister
chromatid cohesion. To generate crossovers, numerous
double-strand breaks (DSBs) are introduced throughout
the genome by the conserved Spoll endonuclease. DSB
formation and its repair are then highly regulated to en-
sure that homologous chromosomes contain at least one
crossover and no DSBs remain prior to meiosis I segrega-
tion. The synaptonemal complex (SC) is a meiosis-specific
structure formed between homologous chromosomes
during prophase that promotes DSB formation and biases
repair of DSBs to homologs over sister chromatids. Synap-
sis occurs when a particular recombination pathway is
successful in establishing stable interhomolog connec-
tions. In this issue of Genes & Development, Mu and col-
leagues (pp. 1605-1618) show that SC formation between
individual chromosomes provides the feedback to down-
regulate Spoll activity, thereby revealing an additional
function for the SC.

In the 1950s, electron microscopists discovered an evo-
lutionarily conserved, meiosis-specific structure formed
between homologous chromosomes, unique to prophase
I, called the SC (Fig. 1A). The SC physically connects ho-
mologs during prophase I and is removed prior to meta-
phase I, when homologs are connected instead by the
combination of crossovers and sister chromatid cohesion.
What is the function of the SC? Decades of research have
shown that this elaborate chromosomal structure is criti-
cal for the regulation of recombination, the process by
which crossovers are generated.

SC formation begins with the condensation of sister
chromatids along meiosis-specific protein cores to make
axial elements. Axial elements from homologous chro-
mosomes are “zippered” together by the insertion of the
central region. (Note that after synapsis, axial elements
are called lateral elements [Fig. 1A].) The central region
is comprised of (1) transverse filaments located perpendic-
ular to the lateral elements, and (2) the central element,
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which runs parallel to the lateral elements midway
through the central region (Page and Hawley 2004).

In many organisms, including budding yeast and mam-
mals, recombination is used to identify which chromo-
somes are homologs. Recombination is initiated through
DSBs introduced by the conserved Spoll endonuclease
(Keeney et al. 2014). DSBs are processed to produce sin-
gle-stranded, recombinase-bound ends that search for ho-
mologous chromosomes (Brown and Bishop 2015). In
budding yeast, a subset of these DSBs is processed by the
Zipl, Zip2, Zip3, Mer3, Msh4, and Msh5 (ZMM) pathway,
which uses a functionally diverse set of proteins, includ-
ing the transverse filament protein, Zipl, and a SUMO
ligase, Zip3, to generate double Holliday junction inter-
mediates (Pyatnitskaya et al. 2019). These intermediates
are then specifically resolved into crossovers that are dis-
tributed throughout the genome. The ZMM pathway also
produces stable interhomolog connections that nucleate
polymerization of Zipl for synapsis (Borner et al. 2004).
In this way, synapsis results from the successful creation
of interhomolog recombination intermediates destined
to become crossovers.

The axial element plays critical roles both in the gener-
ation of DSBs and the regulation of their repair. It provides
the platform on which proteins required for DSB forma-
tion, including Spol1 and Recl14, are assembled (Panizza
et al. 2011). Hot spots are regions in the genome preferen-
tially cleaved by Spol1l. Hot spots are located on chroma-
tin loops and are brought to the axes where they are cut by
Spoll (Fig. 1A; Keeney et al. 2014). DSBs result in the re-
cruitment of the meiosis-specific kinase Mek1 to axial el-
ements, where it is activated and promotes interhomolog
bias, regulates the ZMM pathway, and controls the meiot-
ic recombination checkpoint (Hollingsworth and
Gaglione 2019).

What does the central region do? The central region is
not required for making crossovers, as crossovers are
formed by alternative pathways in zmm mutants. A clue
came from the observation that the “homolog engage-
ment” promoted by ZMM genes down-regulates Spoll
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Figure 1. The relationship of DSB formation to synapsis in dif-
ferent situations. (A) The synaptonemal complex. When chromo-
somes are synapsed, recombination intermediates contain double
Holliday junctions (shown by intersecting loops). When cells exit
pachynema, the stage of meiotic prophase when chromosomes
are fully synapsed, Holliday junctions are resolved to form cross-
overs and the SC is disassembled. DSB formation is greatly re-
duced by synapsis but is not completely abolished until cells
exit pachynema. (B) Sequence diversity between homeologous
chromosomes largely inhibits recombination and synapsis, re-
sulting in persistent DSB formation. (C) In the absence of the cen-
tral element, the transverse filament is not assembled, resulting
in chromosomes that lack the central region. Recombination in-
termediates containing double Holliday junctions are still
formed, but DSB formation is not down-regulated.

activity, suggesting synapsis could be responsible
(Thacker et al. 2014). However, due to the pleiotropic na-
ture of zmm mutants, alternative possibilities could not
be ruled out. Using a multipronged approach, Mu et al.
(2020) show that assembly of the central region during
synapsis reduces Spol1’s ability to make DSBs in a chro-
mosome-autonomous manner.

To test the importance of synapsis in down-regulating
Spol1 activity, Mu et al. (2020) monitored DSB formation
in diploids containing specific chromosomes that either
were unable to synapse because only one homolog was
present (monosome) or rarely synapsed because the two
homologs contained divergent DNA sequences (homeo-
logs) (Fig. 1B). Because recombination and synapsis oc-
curred normally on the 15 other homolog pairs, these
chromosomes acted as internal controls. DSB levels
were monitored by Southern blots of whole chromosomes
or by quantifying the oligonucleotides that remain cova-
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lently attached to Spoll after cleavage. In both cases,
DSBs were increased specifically on the monosomic or
homeologous chromosomes. This increase was not due
to the formation of new hot spots, but due to more breaks
occurring at existing hot spots. Deletion of ZIP3, which
prevents synapsis between all of the homologs, did not
further increase the frequency of DSBs on the homeologs,
suggesting it is the SC formation function of ZIP3 that is
responsible for lowering the frequency of DSBs.

To determine whether the presence of the central re-
gion is required for down-regulation of Spoll activity,
the investigators used mutants in the central element pro-
tein-encoding genes, ECM11 and GMC2. These proteins
interact with the N terminus of Zip1 to promote Zip1 po-
lymerization and formation of the central region (Leung
et al. 2015). In their absence, the ZMM pathway forms
crossovers, but synapsis does not occur (Fig. 1C). Both
ecm1lA and gmc2A exhibited increased amounts of
DSBs. In wild-type cells, DSB frequency is inversely corre-
lated with chromosome size. This correlation was lost on
all chromosomes in the zip3A and ecm11A mutants. In
contrast, in wild-type cells, only the monosomic or home-
ologous chromosomes exhibited an increase in DSBs that
was disproportionate to chromosome size. Synapsis is
therefore sufficient to down-regulate Spol1 activity on in-
dividual chromosomes.

How does synapsis inhibit Spoll activity? Mu et al.
(2020) show that Rec114 (part of a protein complex that re-
cruits Spoll to the axial element) persists specifically on
homeologous chromosomes. This result suggests that the
assembly of the central region promotes removal of the
DSB machinery from axial elements, thereby decreasing
the ability to make DSBs. The function of the central re-
gion in turning off DSB formation is likely conserved, as
synapsis during meiosis in mice removes axis proteins
that promote DSB formation (Wojtasz et al. 2009).

Having unleashed Spol1 to make DSBs, it is imperative
that the cell knows when to turn Spoll off. Because SC
formation requires the generation of stable interhomolog
recombination intermediates, synapsis provides the feed-
back that DSBs are no longer needed and actively pro-
motes the down-regulation of Spoll. Mu et al. (2020)
have made an important contribution to our understand-
ing of the SC by revealing another critical function for
this fascinating meiotic structure.
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