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Summary

CHK-2 kinase is a master regulator of meiosis in C. elegans. Its activity is required for homolog
pairing and synapsis and for double-strand break formation, but how it drives and coordinates
these pathways to ensure crossover formation remains unknown. Here we show that CHK-2
promotes pairing and synapsis by phosphorylating a family of zinc finger proteins that bind to
specialized regions on each chromosome known as pairing centers, priming their recruitment of
the Polo-like kinase PLK-2. This knowledge enabled development of a phosphospecific antibody
as a tool to monitor CHK-2 activity. When either synapsis or crossover formation is impaired,
CHK-2 activity is prolonged and meiotic progression is delayed. We show that this common
feedback circuit is mediated by interactions among a network of HORMA domain proteins within
the chromosome axis and generates a graded signal. These findings reveal conserved regulatory
mechanisms that ensure faithful meiotic chromosome segregation in diverse species.
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Introduction

Meiosis is a specialized cell division that produces haploid gametes to transmit genetic
information from parent to progeny through sexual reproduction. During meiotic prophase,
chromosomes are reorganized around a central axis, and then pair, synapse, and recombine
with their homologs. This process generates physical linkages known as chiasmata, which
enable homologs to biorient on the meiotic spindle and to disjoin during meiosis I. A
fundamental mystery is how these chromosomal events are coordinated during the meiotic
cell cycle. In diverse organisms, defects in synapsis (assembly of the synaptonemal complex
(SC)) or meiotic recombination trigger a delay or arrest in mid-prophase (Bishop et al.,
1992; Edelmann et al., 1996; Ghabrial and Schiipbach, 1999; MacQueen et al., 2002;
Pittman et al., 1998), indicative of surveillance mechanisms that monitor meiotic events.
This meiotic checkpoint (also referred to as the ‘pachytene checkpoint’ or the ‘meiotic
recombination checkpoint”) typically prevents the meiosis | division in cells that fail to form
crossovers (MacQueen and Hochwagen, 2011; Roeder and Bailis, 2000; Subramanian and
Hochwagen, 2014). Because induction of programmed DNA double strand breaks (DSBSs) is
an integral aspect of the meiotic program, proteins involved in DNA damage response also
play essential roles in meiotic checkpoints (Lydall et al., 1996).

In S. cerevisiae, Mek1, a paralog of the checkpoint kinase Chk2, mediates cell cycle arrest in
response to meiotic defects (Bailis and Roeder, 2000; Xu et al., 1997). Mek1 is associated
with meiotic chromosome axes, where its activation requires interactions with two other axis
proteins, Hopl and Red1 (Niu et al., 2007; Niu et al., 2005). Hop1, a founding member of
the HORMA domain family (Hop1, Rev7 and Mad?2) (Aravind and Koonin, 1998), is
phosphorylated by ATM/ATRMeCLTell ‘and serves as a meiosis-specific adaptor for Mek1
activation (Carballo et al., 2008). Mammalian HORMA domain proteins HORMAD1 and
HORMAD?2 localize along unsynapsed chromosome axes and recruit ATR to activate a
meiotic checkpoint (Daniel et al., 2011; Shin et al., 2010; Wojtasz et al., 2012). Thus, the
chromosome axis provides a key interface for integrating meiotic chromosome dynamics
and checkpoint signaling. However, how these proteins monitor chromosomal events and
generate signals to regulate meiotic progression is unknown.
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In the nematode C. elegans, adult germlines contain a complete progression of meiotic
stages in a spatiotemporal sequence (Figure 1A). The onset of meiotic prophase is marked
by a dramatic change in nuclear morphology, in which the chromosome mass becomes
asymmetrically distributed within the nucleus to form a crescent shape, defining the
“transition zone” region of the germline. During this stage, special regions near one end of
each chromosome known as the pairing centers (PCs) establish connections to microtubules
through the nuclear envelope proteins SUN-1 and ZYG-12, which play essential roles in
homolog pairing and synapsis, (Penkner et al., 2007; Sato et al., 2009). Through short
sequence motifs enriched over several hundred kilobases, PCs recruit a family of zinc finger
proteins essential for their functions: HIM-8, ZIM-1, ZIM-2 and ZIM-3 (Phillips and
Dernburg, 2006; Phillips et al., 2009; Phillips et al., 2005).

At least two kinases, PLK-2 and CHK-2, play central roles during early meiotic prophase in
C. elegans. PLK-2 is one of three Polo-like kinases in C. elegans that are closely related to
mammalian PIk1; PLK-1, which is essential for mitosis, can partially substitute for the
function of PLK-2 in meiosis (Harper et al., 2011; Labella et al., 2011). PLK-2 localizes to
PCs upon meiotic entry, which leads to aggregation of SUN-1/ZYG-12 within the nuclear
envelope, initiating dynein-driven chromosome motions that promote pairing and synapsis
(Harper et al., 2011; Labella et al., 2011; Rog and Dernburg, 2015; Wynne et al., 2012).
CHK-2 is a meiosis-specific paralog of Chk2, and is dispensable for the canonical DNA
damage response (Higashitani et al., 2000; MacQueen and Villeneuve, 2001). Instead,
CHK-2 governs two major pathways essential for crossover formation: it is required for
nuclear reorganization leading to homolog pairing and synapsis, and also for the
programmed DSBs that initiate meiotic recombination (MacQueen and Villeneuve, 2001;
Oishi et al., 2001). Upon meiotic entry, SUN-1 is phosphorylated at several sites in its
nucleoplasmic domain, a subset of which requires PLK-2 and/or CHK-2 activity (Harper et
al., 2011; Penkner et al., 2009). However, phosphorylation of the SUN-1 N-terminus is
largely dispensable for SUN-1/ZYG-12 aggregation and homolog pairing (Woglar et al.,
2013). Thus, the key targets of CHK-2 and PLK-2 that mediate pairing and synapsis remain
to be identified. Recent studies have shown that CHK-2 is required for chromosomal
localization of two DSB-promoting proteins, DSB-1 and DSB-2 (Rosu et al., 2013; Stamper
et al., 2013). However, direct substrates of CHK-2 have not been identified, and the
molecular mechanisms by which CHK-2 controls chromosome dynamics are therefore
unknown.

Based on cytological observations, the existence of a mechanism linking meiotic
chromosome dynamics with cell cycle progression has been inferred in C. elegans. Polarized
nuclear organization is greatly extended in mutants that disrupt synapsis (Colaiacovo et al.,
2003; MacQueen et al., 2002), hinting that cell cycle progression is delayed. Molecular
markers of early prophase, including SUN-1 phosphorylation and chromosomal localization
of DSB-1/2, also persist longer in mutants that are proficient for synapsis but fail to establish
crossovers (Rosu et al., 2013; Stamper et al., 2013; Woglar et al., 2013), implying that
meiotic recombination is also subject to surveillance. However, it has been unclear whether
these responses occur through the same feedback circuit, since the molecular basis for this
regulation has not been elucidated.
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Here we identify meiotic substrates of CHK-2 through a candidate-based approach. We
demonstrate that CHK-2 activity is regulated by a feedback circuit that monitors synapsis
and crossover formation, establishing CHK-2 as a checkpoint target. We further elucidate
how a network of meiotic HORMA domain proteins mediates this control, thereby
illuminating the conserved role of chromosome axes in meiotic regulation.

CHK-2 localizes to PCs in early meiotic prophase

To determine how CHK-2 promotes pairing and synapsis, we examined its localization in
the C. elegans germline by immunofluorescence. In wild-type hermaphrodites, faint CHK-2
foci were detected at all PCs in transition zone nuclei, which colocalized with
phosphorylated SUN-1 (pS12) patches at the nuclear envelope (Figure 1B). Overlap
between CHK-2 and phospho-SUN-1 patches persisted until mid-pachytene, but was no
longer detected in late pachytene except for a few “straggler” nuclei with hypercondensed
chromosomes (Figure 1B) (Rosu et al., 2013; Stamper et al., 2013; Woglar et al., 2013).
Localization of CHK-2 to PCs is consistent with its role in triggering nuclear reorganization
and homolog pairing (MacQueen and Villeneuve, 2001). Interestingly, we found that
CHK-2 did not localize to unpaired HIM-8 foci in him-8(me4) mutants, which carry a point
mutation in the N-terminus (S85F) (Figures 1C and 2C). This residue is adjacent to a
potential Chk2 Forkhead-associated (FHA) binding motif (pT-X-X-[I/L]) (Li et al., 2002)
that is conserved in all PC proteins in Caenorhabditis species (Figure S1A). This suggests
that association of CHK-2 with the PCs might be mediated through direct recruitment by
HIM-8 and the ZIM proteins.

CHK-2 phosphorylates HIM-8 and ZIMs at conserved PRSFTP motifs in vitro and in vivo

To identify meiotic substrates of CHK-2, we purified GST-CHK-2 from insect cells, verified
its kinase activity (Figure S1B), and tested its activity toward bacterially expressed proteins
that play important roles in pairing and synapsis. A kinase-dead allele was included as a
control. Tested candidates included the X chromosome PC protein HIM-8; two HORMA
domain proteins HIM-3 and HTP-1; and four SC components, SYP-1, SYP-2, SYP-3 and
SYP-4. Among the proteins tested, HIM-8 was robustly phosphorylated by CHK-2 in vitro
(Figure 2A).

Using mass spectrometry, we found that the primary in vitro CHK-2 phosphorylation site on
HIM-8 is T64 (Figure 2B). This residue is near the putative FHA binding motif, and lies
within a sequence motif (PRFSTP) that conforms to the consensus phosphorylation motif for
human Chk2 (R-X-X-S/T, where X indicates any amino acid) (O'Neill et al., 2002) and is
highly conserved among all known HIM-8/ZIM family members in Caenorhabditis species
(Figures 2C and S1). While HIM-8 contains a single PRFSTP motif, each ZIM protein
contains 2 such motifs (Figures 2B and 2C). We generated an antibody against a
phosphopeptide surrounding HIM-8 T64. The affinity-purified antibody recognized
recombinant HIM-8 only when it was phosphorylated by CHK-2, and did not recognize
HIM-8 containing the T64A mutation, demonstrating its phospho-specificity (Figure 2D).
The antibody also recognized phosphorylated ZIM-3 in vitro (Figure 2E) due to the high
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conservation of this motif. Detection of ZIM-3 was diminished when the threonine in either
PRFSTP motif was mutated to alanine (T84A or T169A), and was eliminated when both
threonines were mutated (Figure 2E). Thus, CHK-2 phosphorylates the threonines within
both PRFSTP motifs of ZIM-3 in vitro, and our antibody recognizes both motifs when
phosphorylated by CHK-2.

Immunofluorescence with this antibody in C. elegans gonads revealed foci that colocalized
with all PCs in transition zone nuclei (Figure 2F), indicating that all four of the zinc finger
proteins are recognized. Staining was absent in chk-2 null mutants, but was detected robustly
in plk-2; plk-1(RNAI) animals (Figure 2F), confirming that the phosphoepitope depends on
CHK-2 but not on Polo-like kinases in vivo. Phosphorylation of HIM-8 and ZIMs was
evident upon meiotic entry and persisted until mid-pachytene (Figure S2A). Staining was
restricted to nuclei that had entered meiosis, even though two HIM-8 foci can be detected in
pre-meiotic nuclei (Figure S2B) (Phillips et al., 2005). Phosphorylation of the PC proteins
preceded homolog pairing (Figure S2B), and was temporally correlated with SUN-1
phosphorylation at S12 and chromosomal localization of DSB-1 (Figures S2A and S3A).
Together, our results demonstrate that CHK-2 phosphorylates HIM-8 and ZIM proteins at
the PRFSTP motifs in vivo, and that our antibody serves as a reporter for CHK-2 activity,
which is detected in early meiotic prophase but not before meiatic entry.

Phosphorylation of HIM-8 by CHK-2 primes PLK-2 recruitment to the X chromosome PCs

When phosphorylated, HIM-8 T64 and the corresponding threonines in the three ZIM
proteins constitute binding motifs for Polo-box domain proteins (S-[pT/pS]-(P/X)) (Figure
2C) (Elia et al., 2003). We have previously shown that this motif is important for the
recruitment of PLK-2 to the X chromosome PC (Harper et al., 2011); however, a him-8T64A
transgene showed variable expression, precluding systematic analysis. To better characterize
the significance of HIM-8 T64 phosphorylation in vivo, we introduced the T64A mutation at
the endogenous him-8 locus by Cas9/CRISPR-mediated homologous recombination
(Dickinson et al., 2013). Self-progeny of hermaphrodites homozygous for the mutation were
mostly viable (99%) but a large fraction of them was male (41% in him-8T64A vs. 0.2% in
wild-type) (Figure S4A). This strong “high incidence of males” (Him) phenotype results
from X chromosome nondisjunction during meiosis, and is quantitatively similar to that
displayed by animals lacking HIM-8 (Phillips et al., 2005). We found that HIM-8T64A was
expressed and localized to the X chromosome PCs, but failed to recruit PLK-2 (Figure S4C),
resulting in failures in pairing and synapsis of the X chromosomes (Figure S4B). Thus,
CHK-2 primes the recruitment of PLK-2 to PCs by phosphorylating the PRFSTP motifs
within HIM-8 and ZIM proteins, thereby promoting homolog pairing and synapsis.

Both synapsis failures and crossover defects prolong CHK-2 activity

Using the phosphorylation status of HIM-8/ZIMs as a proxy for CHK-2 activity, we
investigated how CHK-2 is regulated in response to various meiotic defects. We quantified
the duration of CHK-2 activity as a fraction of the length of the germline containing nuclei
in leptotene, zygotene and pachytene stages of meiosis (the LZP zone). While the phospho-
staining of HIM-8/ZIMs was detected in 48% of the LZP zone of wild-type germlines
(Figures S2A, 3A and 3E), mutants that fail to form crossovers due to an absence of
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synapsis (e.g. syp-2) (Colaiacovo et al., 2003) showed a striking extension of CHK-2
activity in the germline (up to 90% of the LZP zone) (Figures 3B and 3E). The ‘CHK-2
active zone’ was also greatly extended in plk-2; plk-1(RNAi) animals (74%) (Figures S5A
and 3E), which have severe synapsis defects (Harper et al., 2011), demonstrating that Polo
kinase activity is not responsible for the extension.

Mutations that block processing of meiotic DSBs into crossovers without disrupting pairing
or synapsis (zhp-3 and msh-5) (Bhalla et al., 2008; Kelly et al., 2000) also significantly
extended the CHK-2 active zone (64% in both zhp-3 and msh-5) (Figures S5D and 3E).
Importantly, spo-11 mutants, which lack DSBs (Dernburg et al., 1998), also showed
extended activity of CHK-2 (62%) (Figures S5C and 3E), indicating that the response is not
due to persistence of unrepaired DSBs. Mutations in him-8 or him-5, which are specifically
required for X chromosome pairing/synapsis or DSB formation, respectively (Meneely et
al., 2012; Phillips et al., 2005), also extended the CHK-2 active zone (72% in him-8; 77% in
him-5) (Figures 3C, 3E and S5B). Thus, the absence of crossovers on a single chromosome
pair is sufficient to prolong CHK-2 activity. Together, our results show that defects in
synapsis and crossing-over both feed back to maintain CHK-2 activity, thereby delaying
meiotic progression.

We also note both quantitative and qualitative differences in the extension of CHK-2 activity
in various meiotic mutants. In general, we find that synapsis defects give rise to longer
delays in CHK-2 activity than an absence of crossovers. (Figure 3E). Moreover, in synapsis-
deficient mutants (e.g. syp-2, him-8 and plk-2; plk-1(RNAI)), phosphorylation persisted at all
PCs (Figure 3B insets), while mutations that blocked crossover formation without impairing
synapsis (e.g. zhp-3, msh-5, spo-11, and him-5) showed persistent phosphorylation only on
HIM-8 (Figure 3C insets). This observation may reflect differences between HIM-8 and the
autosomal ZIM proteins, as well as the stage of prophase at which the meiotic errors are
generated (see Discussion).

Meiotic HORMA domain proteins mediate feedback control

Four meiotic HORMA domain proteins in C. elegans (HIM-3, HTP-1, HTP-2, and HTP-3)
associate with the chromosome axis and play essential roles in pairing, synapsis, and meiotic
recombination (Couteau and Zetka, 2005; Goodyer et al., 2008; Kim et al., 2014; Martinez-
Perez and Villeneuve, 2005; Zetka et al., 1999). The largest of these proteins, HTP-3,
localizes to the axis in the absence of the other HORMA domain proteins, and HIM-3,
HTP-1, and HTP-2 are recruited by binding of their HORMA domains to short peptide
motifs (termed “closure motifs”) in the C-terminal tail of HTP-3 (Figure 5A) (Kim et al.,
2014).

Intriguingly, mutations that disrupt HTP-3, HTP-1, or HIM-3 showed normal timing of
CHK-2 activation but no extension of HIM-8 or ZIM phosphorylation (46% CHK-2 active
zone in htp-3; 47% in htp-1; 54% in him-3) (Figures 3D, 3E, SAE and S4F), despite their
severe defects in synapsis and crossover formation. Mutations in HTP-2, which shares 82%
sequence identity with HTP-1, do not cause obvious meiotic defects (Martinez-Perez et al.,
2008) and did not extend CHK-2 activity (46%) (Figure 3E). Although polarized nuclear
morphology in the transition zone was less prominent in htp-3, htp-1, and him-3 mutants,
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CHK-2 activity was clearly detected at the PCs upon meiotic entry (Figures 3D, S5E, and
S5F).

To further explore the role of the HORMA domain proteins in extending CHK-2 activity in
response to meiotic defects, we crossed worms carrying mutations in these genes to animals
lacking syp-2 and examined the phosphorylation of HIM-8 and ZIMs. Consistent with a role
in mediating feedback control of CHK-2, deletion of HTP-3 suppressed the extension of
CHK-2 activity in syp-2 mutants (49% in syp-2; htp-3 vs. 90% in syp-2) (Figures 4A and
4D). Surprisingly, deletion of HIM-3 alone fully suppressed the prolonged CHK-2 activity
in syp-2 mutants (54% in syp-2; him-3) (Figures 4B and 4D), indicating that HIM-3 is
essential for feedback regulation of CHK-2.

To determine the role of HTP-1 in regulating CHK-2, we examined the phosphorylation of
HIM-8/ZIMs in syp-2; htp-1 double mutants. Although deletion of HTP-1 modestly
shortened the CHK-2 active zone in syp-2 mutants, it was not sufficient to fully suppress the
extension of the phospho-HIM-8/ZIMs staining (79% in syp-2; htp-1) (Figures 4C and 4D).
The signal from asynapsed chromosomes nonetheless appeared to be weakened in the
absence of HTP-1, as persistent CHK-2 activity was found only on HIM-8, but not on ZIMs,
and chromosomes did not maintain their crescent-shaped configuration, as previously
described (Martinez-Perez and Villeneuve, 2005). We hypothesized that HTP-2 may play
redundant roles with HTP-1 in mediating a signal from asynapsed chromosomes. Indeed,
deleting both HTP-1 and HTP-2 completely suppressed the extension of CHK-2 activity in
syp-2 mutants (52% in syp-2; htp-1 htp-2) (Figures 4C and 4D). Together, HTP-1 and
HTP-2 play overlapping roles in signaling from asynapsed chromosomes, and both HIM-3
and HTP-1/2 are required for feedback regulation of CHK-2.

Recruitment of HIM-3 and HTP-1/2 to the chromosome axis is required for feedback control

of CHK-2

HIM-3 is recruited to chromosomes through binding to four central closure motifs in HTP-3
(Figure 5A). To determine whether axis localization of HIM-3 is required for CHK-2
regulation, we engineered htp-3-gfp transgenes with a series of glycine-to-lysine (GK)
mutations in these motifs (Figures 5B, S6A, and S6B). We found that the intensity of HIM-3
staining along chromosome axes correlated well with the number of intact binding sites on
HTP-3 (Figure S6C), while mutating all four motifs (4GK) completely abrogated HIM-3
binding, as shown previously (Kim et al., 2014). Mutation of the HIM-3 binding sites led to
commensurate reductions in progeny viability (79.2% egg viability in HTP-31CK; 57.5% in
HTP-32CK: 21.2% in HTP-33CK: 3.1% in HTP-34CK), and the fraction of males among the
surviving progeny also progressively increased (1.5% in HTP-316K: 3,99 in HTP-32CK;
12.4% in HTP-33CK; 27 5% in HTP-34CK) (Figure S6B). This implies that each of the four
motifs in HTP-3 can independently recruit HIM-3, and that recruiting a sufficient amount of
HIM-3 to the axis is essential for accurate meiotic chromosome segregation.

Strikingly, we found that SC assembly was extremely sensitive to the amount of HIM-3 at
the chromosome axis. While synapsis completely fails in the HTP-34GK mutant, completion
of synapsis was significantly delayed in HTP-31GK and HTP-32CK mutants (Figure 5C).
Complete synapsis was never achieved in HTP-33CK mutants, and partial synapsis was
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preferentially observed on X chromosomes (Figures 6C and S6D), similar to the effects of a
hypomorphic allele of him-3 (Nabeshima et al., 2004). Thus, HIM-3 is required for synapsis
in a dose-dependent manner, and recruitment of sufficient HIM-3 to the axis is critical to
support efficient SC assembly.

CHK-2 phosphorylation of HIM-8/ZIMs and crescent-shaped chromosome morphology
were significantly extended in the HTP-31CK HTP-32GK and HTP-33CK mutants (60%
CHK-2 active zone in HTP-31CK: 750 in HTP-32CK; 83% in HTP-33CK) (Figures 5D and
5E). The extent to which CHK-2 activity was prolonged correlated with the severity of
synapsis defects, likely reflecting quantitative variation in the signal strength. However, in
worms expressing HTP-34CK| the CHK-2 active zone was not extended (51%), despite
complete failure of synapsis (Figures 5C, 5D and 5E). Thus, recruitment of HIM-3 to the
meiotic chromosome axis is essential for feedback control of CHK-2, and binding of HIM-3
to a single HTP-3 closure motif is sufficient to generate a signal from asynapsed
chromosomes.

HTP-1 and HTP-2 are recruited to meiotic chromosomes by redundant mechanisms, either
by binding two closure motifs within HTP-3 (motifs #1 and #6) or binding to a C-terminal
motif in HIM-3 (Figure 6A) (Kim et al., 2014). We created GK mutations in each of these
motifs and examined complex formation by HTP-3, HTP-1, and HIM-3 in vitro using a
bacterial coexpression system (Figure 6A). Mutation of HTP-3 motif #1 (G490K) or motif
#6 (G728K) alone each reduced HTP-1 binding to a similar extent, and mutating both
further reduced HTP-1 binding (Figure 6B). Combining the HTP-3 (G490K, G728K)
mutations with a C-terminal truncation of HIM-3 (AC; aa 1-245) greatly reduced HTP-1
association (Figures 6A and 6B). However, a detectable amount of HTP-1 (~10% of the
amount bound to the wild-type complex) remained associated in a complex with
HTP-3G490K, G728K and HIM-3AC, whereas mutating all six motifs within HTP-3 (6GK)
completely abrogated both HTP-1 and HIM-3 binding to HTP-3 (Figure 6B). This reveals
previously unrecognized modes of HTP-1 association with HTP-3, which might reflect
either weak binding to the four central motifs or binding to HIM-3 through an interface other
than its C-terminal tail.

To determine the consequences of reducing levels of HTP-1/2 on the chromosome axis in
vivo, we introduced the GK mutation in the HIM-3 closure motif (G280K) into the
endogenous him-3 gene. (Figures S7TA-C). Worms homozygous for the him-36280K
mutation did not extend CHK-2 activity or result in chromosome missegregation (98% egg
viability; 0.5% male self-progeny; 48% CHK-2 active zone) (Figures 6D-E and S7E). We
combined the htp-3G490K, G728K transgene with him-36280K  Consistent with our in vitro
results, HTP-1/2 staining was greatly reduced along the chromosome axes in

htp-3G490K, G728K. hjm-3G280K double mutants, but faint signal was still detectable (Figure
S7F). These animals exhibited a marked reduction in egg viability (17.4%) and a strong Him
phenotype (15.1% males) (Figure S7E), indicating defects in meiotic chromosome
segregation. Synapsis was severely defective in these animals (Figure 6C), and
phosphorylation of HIM-8/ZIMs was significantly extended (70% CHK-2 active zone)
(Figures 6D and 6E). Thus, ~10% of the normal amount of HTP-1/2 along the chromosomes
is not sufficient to support synapsis, but nevertheless mediates robust signaling to extend
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CHK-2 activity. By contrast, mutation of all six closure motifs within HTP-3 (6GK), which
eliminates recruitment of HTP-1/2 and HIM-3 to the axis (Figure S7F), abrogated both
synapsis and feedback control (46% CHK-2 active zone) (Figures 6C—E). Importantly,
HTP-3%CK |ocalized normally to chromosomes and both HIM-3 and HTP-1/2 were
expressed at normal levels (not shown). Thus, we conclude that recruitment of HTP-1/2 and
HIM-3 to the meiotic chromosome axis is essential for feedback regulation of CHK-2.

Feedback control of CHK-2 does not require PCs

As CHK-2 was detected primarily at PCs (Figure 1), we next tested whether the PC activity
is required for feedback regulation of CHK-2 using a deletion (ieDf2) that eliminates all four
zinc finger proteins (Harper et al., 2011). Because the epitope recognized by our phospho-
HIM-8/ZIMs antibody is absent in ieDf2 animals, we examined the chromosomal
localization of DSB-1 as a reporter for CHK-2 activity. CHK-2 is required for normal
chromosomal loading of DSB-1 and DSB-2 (Rosu et al., 2013; Stamper et al., 2013) and we
have found that DSB-1 localization coincides with the HIM-8/ZIM phosphoepitope in wild-
type and mutant animals (Figures S3A-B). We found that DSB-1 staining was greatly
extended in the germline of ieDf2 animals (81% in ieDf2 vs. 52% in wild-type) (Figures 7A
and 7C) in response to their synapsis and crossover defects (Harper et al., 2011). Consistent
with the role of chromosome axes in mediating feedback, deletion of HTP-3 completely
suppressed the extension of DSB-1 staining in ieDf2 animals (53% DSB-1 zone in ieDf2;
htp-3) (Figures 7B and 7C). Thus, PCs are dispensable for both activation and the feedback
control of CHK-2. Notably, CHK-2 was still activated in ieDf2; htp-3 double mutants,
indicating that kinase activation occurs at meiotic entry in the absence of both functional
PCs and chromosome axes.

Discussion

Here we establish a key kinase cascade that acts at PCs to promote homolog pairing and
synapsis. CHK-2 phosphorylates the zinc finger proteins that specify PCs, which in turn
primes their recruitment of PLK-2 (Figure 7D). By recruiting these two kinases, PCs serve
as signaling hubs that mediate early meiotic chromosome dynamics. While most Chk2
family kinases function downstream of ATM/ATR in the DNA damage response (Matsuoka
etal., 1998), C. elegans CHK-2 does not require DSBs for its initial activation and lacks
clusters of SQ/TQ sites that define ATM/ATR targets. Instead, CHK-2 is essential for DSB
formation and acts as a master regulator that governs pairing, synapsis, and recombination
during meiotic prophase (MacQueen and Villeneuve, 2001). This rewiring of regulatory
circuitry may have accompanied the emergence of homolog pairing mechanisms that
function independently of meiotic recombination in C. elegans (Dernburg et al., 1998).

We demonstrate that CHK-2’s kinase activity normally declines once all chromosomes have
accomplished synapsis and crossing-over, but is prolonged in mutants that disrupt synapsis
or crossover formation. Adding to recent evidence for feedback regulation of crossover
formation (Rosu et al., 2013; Stamper et al., 2013; Woglar et al., 2013), we now show that
two distinct pathways controlled by CHK-2 (synapsis and meiotic recombination) both feed
back to regulate CHK-2 activity (Figure 7D). This common circuitry delays meiotic
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progression and extends temporal window for active pairing, synapsis, and DSB formation.
This mechanism meets the original definition of a cell cycle checkpoint (Hartwell and
Weinert, 1989) in that it makes meiotic progression contingent on the formation of a
crossover on each homolog pair. Our findings that mutations in the meiotic HORMA
domain proteins fail to extend CHK-2 activity despite severe defects in pairing, synapsis,
and crossover formation highlights the central and conserved role of these proteins in
checkpoint control.

Although CHK-2 is primarily detected at PCs, it clearly acts elsewhere within the nucleus.
Our evidence demonstrates that the meiotic checkpoint is fully functional even in the
absence of PC activity and that CHK-2 feedback regulation is rather a nucleus-wide
response. This directly refutes the recent proposal that HIM-8 is required for feedback in
early meiotic prophase (Silva et al., 2014). This confusion arose because the previous study
did not directly monitor CHK-2 activity, but instead the recruitment of PLK-2 to PCs, which
requires not only CHK-2 activity but also the zinc finger proteins, specifically HIM-8 under
conditions where the ZIMs do not remain phosphorylated.

Our work explains the previously enigmatic observation that the polarized nuclear
organization that defines the transition zone is greatly extended in synapsis-defective
mutants (Colaiacovo et al., 2003; MacQueen et al., 2002; Phillips et al., 2005). Synapsis is
initiated in the transition zone, and thus a nucleus-wide signal generated from asynapsed
chromosomes (e.g. in syp-2, him-8, and plk-2; plk-1(RNAI)) can maintain the
phosphorylation of all PC proteins by CHK-2. On the other hand, a signal from
chromosomes that have synapsed but lack crossovers (e.g. in zhp-3, msh-5, spo-11, and
him-5) would be generated in early pachytene, when ZIMs are no longer detected at the
autosomal PCs and transition zone morphology is no longer observed (Phillips and
Dernburg, 2006). At this stage of meiosis, only the phosphoepitope on HIM-8 normally
remains evident, and thus only HIM-8 phosphorylation appears to be prolonged by crossover
failures. Why HIM-8 phosphorylation and binding to the X chromosome PC persists longer
than for the ZIMs is unknown; nevertheless, feedback regulation maintains the status of the
meiotic cell cycle at which errors are first detected.

Different meiotic lesions extend the zone of CHK-2 activity to different degrees, indicating
that feedback is graded rather than binary. Clear evidence for this comes from our analysis
of a series of mutations in HTP-3 that disrupt individual HIM-3 recruitment: as the synapsis
defects become progressively more severe, the duration of CHK-2 activation increases
(Figure 5). This graded meiotic checkpoint resembles the rheostat-like behavior of the
spindle assembly checkpoint (SAC) that monitors kinetochore-microtubule attachment
during mitosis (Collin et al., 2013; Dick and Gerlich, 2013). The strength of the SAC
correlates with the amount of Mad2 recruited to kinetochores, which in turn depends on a
hierarchical assembly of other checkpoint proteins at the kinetochore (London and Biggins,
2014). We have now shown that both HTP-1 and HTP-2 are required to generate a maximal
signal from asynapsed chromosomes, and that both HIM-3 and HTP-1/2 are required for the
feedback regulation. HTP-3 contains two binding sites for HTP-1/2 and four for HIM-3,
which can recruit additional HTP-1/2 through its C-terminal motif (Kim et al., 2014). Thus,
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HTP-3 acts as a scaffold for checkpoint activation, and the hierarchical network of HIM-3
and HTP-1/2 may allow flexibility in responding to diverse meiotic defects.

A recent report showed that C. elegans homozygous for a point mutation within the
HORMA domain of HTP-1 (M127K), which disrupts its association with chromosome axes,
displayed an extended zone of PLK-2 localization to PCs in response to asynapsis (Silva et
al., 2014), which we show here is a direct consequence of prolonged CHK-2 activity. This
apparent feedback activity was attributed to a signal from the soluble nuclear pool of mutant
HTP-1 protein. We note that this conclusion is inconsistent with our findings that mutating
the six closure motifs in HTP-3, which prevents recruitment of HTP-1/2 (and HIM-3) to the
chromosome axes, fully abrogates feedback regulation of CHK-2 (Figures 5 and 6). We also
report that recruitment of a small amount of HTP-1 and/or HTP-2 to chromosomes is
sufficient to support feedback signaling. We therefore think it likely that feedback regulation
in htp-1M127K mutants is mediated by HTP-2 along the chromosome axis, rather than the
mutant version of HTP-1 in the nucleoplasm.

As the formation of chromosome axes is prerequisite for pairing, synapsis, and meiotic
recombination, the HORMA domain proteins are ideally situated to monitor chromosomal
events during meiotic prophase. This implies that the axis must undergo structural or
biochemical changes during meiotic progression to sense and/or signal the status of meiotic
events. Indeed, meiotic HORMA domain proteins in S. cerevisiae (Hopl) and mice
(HORMADZ1/2) are removed from synapsed axes by the AAA+ ATPase Pch2/Tripl3
(Borner et al., 2008; Joshi et al., 2009; Roig et al., 2010; Wojtasz et al., 2009), suggesting a
mechanism by which the checkpoint may be silenced in response to synapsis. However, the
C. elegans ortholog of Pch2/Trip13, PCH-2, is largely dispensable for meiotic processes,
and is not required for axis remodeling (not shown). Therefore, how the assembly of meiotic
HORMA domain proteins is dynamically regulated to monitor chromosomal events and
coordinate with meiotic progression remains to be determined.

We recently confirmed that HIM-3 and HTP-1/2 are structurally very similar to Mad2 (Kim
et al., 2014), raising the intriguing possibility that the meiotic HORMA domain proteins
might undergo a Mad2-like dimerization and/or conformational change to mediate
checkpoint signaling (De Antoni et al., 2005; Luo et al., 2004). However, mutating the aC
helix of HTP-1 (F180A, K184A), corresponding to the dimerization interface of Mad2
(Mapelli et al., 2007), did not abrogate the feedback regulation (not shown), indicating that
this interface is not essential for signal transduction by HTP-1. Moreover, it is not yet known
whether the meiotic HORMA proteins bind to downstream effectors through their HORMA
domains in the same way that Mad?2 transduces checkpoint signaling to the anaphase-
promoting complex. Future identification of signaling effectors that directly regulate CHK-2
(e.g., phosphatases) will help to reveal how axis proteins collaborate to mediate the meiotic
checkpoint.

Experimental Procedures

For full experimental details, see Supplementary Material.
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Antibody production

Polyclonal CHK-2 antibodies were raised in rabbits against a KLH-conjugated synthetic
peptide containing the N-terminal 14 amino acids of CHK-2 (Pocono Rabbit Farm), and the
immune serum was directly used for immunofluorescence.

A synthetic phospho-peptide (DTPRFSpTPIVPNVC) corresponding to the region of HIM-8
flanking T64 (Biomatik) was coupled to maleimide-activated KLH according to the
manufacturer’s instructions (Thermo Scientific) and injected into rabbits (Covance).
Polyclonal pT64 antibodies were affinity-purified by passing the immune serum through
SulfoLink Coupling Resins (Thermo Scientific) coupled to a nonphospho-peptide
(DTPRFSTPIVPNVC), followed by binding to and elution from phosphopeptide-coupled
resins.

Protein expression and purification

The full-length open reading frame (ORF) of CHK-2 was amplified from a C. elegans
cDNA library and cloned into pFastBacl (Life Technologies). For protein purification,
CHK-2 was tagged at its N-terminus with GST. GST-CHK-2 was expressed in Sf9 cells
using the Bac-to-Bac system (Life Technologies) and purified over Glutathione Sepharose
(GE Life Sciences) using standard protocols.

Full-length ORFs of HIM-8, ZIM-3, HIM-3, HTP-1, SYP-1, SYP-2, SYP-3, and SYP-4
were amplified from a C. elegans cDNA library and cloned into either pGEX6P-1 (GE Life
Sciences) or pET23d (EMD Millipore). HIM-8 and ZIM-3 were tagged at their N-termini
with GST, and SYP-2 was tagged at its C-terminus with 6His. HTP-1 and HIM-3 fused with
6His at their C-termini were co-expressed as previously described (Kim et al., 2014). SYP-1,
SYP-3, and SYP-4 were tagged at their N-termini with 6His-Maltose Binding Protein
(MBP) to improve protein solubility. All protein expression was induced at 20°C for 16
hours with 0.1 mM IPTG in Rosetta(DE3)pLysS, and proteins were purified using either
Glutathione Sepharose (GE Life Sciences) or HisTrap HP (GE Life Sciences), followed by
ion-exchange chromatography.

For HTP-3 Strep pulldown assays, full-length ORFs of HTP-3, HTP-1, and HIM-3 were
cloned into a polycistronic vector for expression. HTP-3 was tagged N-terminally with
Strep-tag I, and the triple-protein complexes of HTP-3:HTP-1:HIM-3 were expressed and
purified using StrepTrap HP (GE Healthcare) as previously described (Kim et al., 2014). For
HTP-3 GK mutants, site-directed mutagenesis and isothermal assembly with synthetic gene
blocks were used to generate GK mutations in the noted positions (G490K, G532K, G560K,
G652K, G683K, or G728K).

In vitro kinase assays

In vitro kinase assays were performed in 20 mM HEPES pH 7.5, 25 mM KCI, 1 mM MgCly,
1 mM DTT in the presence of 0.2 mM Mg-ATP and 50 uCi/ml y -32P ATP. 2 uM of GST-
HIM-8, HTP-1:HIM-3-6His, 6His-MBP-SYP-1, SYP-2-6His, 6His-MBP-SYP-3 and 6His-
MBP-SYP-4 were incubated with 0.2 pM of GST-CHK-2 at room temperature for 1 hour.
Kinase reactions were terminated by addition of sample buffer and analyzed by SDS-PAGE.
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C. elegans strains and immunofluorescence

him-8T64A and him-3G280K strains were generated by Cas9/CRISPR-mediated homologous
recombination. Strains carrying wild-type and mutant htp-3-gfp transgenes were generated
by Mos1-mediated single copy insertion (MosSCI) (Frgkjaer-Jensen et al., 2008), as
previously described (Kim et al., 2014). Immunofluorescence of dissected gonads was
performed as previously described (Phillips et al., 2009).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. CHK-2 localizes to PCs in early meiotic prophase
(A) Diagram of the C. elegans hermaphrodite germline. (B—-C) Dissected gonads of wild-

type (B) and him-8(me4) (C) hermaphrodites stained for CHK-2 (red), HIM-8 (purple),
SUN-1 pS12 (green), and DNA (blue). Scale bars, 5 um.
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Figure 2. CHK-2 phosphorylates PRFSTP motifs within PC proteins in vitro and in vivo
(A) In vitro kinase assays using recombinant CHK-2 and candidate substrates expressed in

E. coli. GST-HIM-8, HIM-3-6His/HTP-1, MBP-SYP-1, SYP-2-6His, MBP-SYP-3, MBP-
SYP-4, and myelin basic protein (positive control) were tested in reactions that included
v-32P ATP. Products were separated by SDS-PAGE. Gels were stained with Coomassie and
radiolabel incorporation was analyzed by autoradiography. (B) Domain structures of HIM-8,
ZIM-1, ZIM-2 and ZIM-3 and in vitro CHK-2 phosphorylation sites in HIM-8 mapped by
mass spectrometry analysis. Sequence coverage was 44.9%. Corresponding threonines
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within PRFSTP motifs of ZIMs are also shown. (C) Sequence alignment of HIM-8 and
ZIMs using the T-coffee algorithm. CHK-2 phosphorylation sites constitute the binding
motif for Polo-Box Domain (PBD) proteins. (D) Immunoblot of wild-type or T64A
recombinant HIM-8 phosphorylated by CHK-2 in vitro. (E) Immunoblot of recombinant
ZIM-3 proteins after in vitro phosphorylation by CHK-2. (F) Projection images of transition
zone nuclei from wild-type, chk-2, and plk-2; plk-1(RNAi) mutants stained for HIM-8 (red),
pHIM-8/ZIMs (green), SUN-1 pS12 (white) and DNA (blue). Scale bar, 5 um.
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Figure 3. CHK-2 activity is prolonged in mutants that are defective in crossover formation, but
not in mutants that disrupt HORMA domain proteins

(A-D) Dissected gonads from the indicated genotypes were stained for DNA and phospho-
HIM-8/ZIMs. (Note: our pHIM-8/ZIMs antibody recognizes a CHK-2—independent epitope
in mitotic nuclei) Scale bar, 50 um. Insets: representative nuclei from the transition zone and
mid-prophase regions are shown for DNA (blue), pHIM-8/ZIMs (green), and HIM-8 (red).
(E) Quantification of the CHK-2 active zone, expressed as a proportion by length, of the
phosphoantibody-reactive region relative to the region from meiotic onset to the end of
pachytene. Numbers of gonads scored are indicated below. Error bars indicate standard

Dev Cell. Author manuscript; available in PMC 2016 October 26.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Kim et al.

Page 21

deviations. All genotypes show significant differences from N2 (p<0.0001), except for htp-3
(p=0.9999), htp-1 (p=0.9996), htp-2 (p=0.9993), and him-3 (p=0.0194), by ordinary one-
way ANOVA.
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Figure 4. Deleting meiotic HORMA domain proteins suppresses the extension of CHK-2 activity

in syp-2 mutants

(A-C) Immunofluorescence images of dissected gonads from syp-2, syp-2; htp-3, syp-2;
him-3, syp-2; htp-1, and syp-2; htp-1 htp-2 mutants stained with anti-pHIM-8/ZIMs (yellow)
and DAPI (blue). The CHK-2 active zone is marked by dotted white lines. Scale bars, 50 um

(D) Graph showing quantification of the CHK-2 active zone in the indicated strains.

Numbers of gonads scored are indicated below. syp-2 and syp-2; htp-1 mutants showed
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significant differences from N2 (p<0.0001), whereas syp-2; htp-3 (p=0.9926), syp-2; him-3
(p=0.0138), and syp-2; htp-1 htp- 2 (p=0.2439) did not, by ordinary one-way ANOVA.
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Figure 5. Recruitment of HIM-3 to the chromosome axis is required for feedback control of

CHK-2

(A) Schematic showing the hierarchical assembly of meiotic HORMA domain proteins in C.
elegans. (B) Mutant HTP-3 transgenes containing GK mutations in four central closure
motifs. (C) Dissected gonads from the indicated genotypes were stained for HTP-3 (red),
and SYP-1 (green). Scale bar, 50 um. (D) Dissected gonads from worms expressing WT,
2GK and 4GK HTP-3 were stained for DNA (blue) and pHIM-8/ZIMs (yellow). The CHK-2
active zone is marked by white dotted lines. Scale bar, 50 pm. (E) Quantification of the
CHK-2 active zone. Numbers of gonads scored are indicated below. All genotypes show
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significant differences from WT (p<0.0001), except for HTP-34CK (p=0.4312), by ordinary
one-way ANOVA.
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Figure 6. Axis localization of HTP-1/2 and HIM-3 is essential for feedback control of CHK-2
(A) Strep-tagged HTP-3, either wild-type or GK mutants, was coexpressed in E. coli with

untagged HTP-1 and wild-type or C-terminally truncated HIM-3 (AC; aa 1-245), and
purified using Strep-resin to isolate proteins associated with HTP-3. Coomassie staining of
SDS-PAGE shows the HTP-3-associated proteins. A Western blot for HTP-1 is shown
below. (B) The amount of HTP-1 bound by HTP-3 was quantified based on the HTP-1
Western blot. (C) Schematics of HORMA domain protein assembly in the indicated
genotypes are shown in the left. Mid-pachytene nuclei were stained for DNA (white), HTP-3
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(red), and SYP-1 (green). Scale bar, 5 pm. (D) Immunofluorescence images of gonads
dissected from him-36280K  htp-34; htp-3G490K, G728K_gfn: him-3G280K and htp-32;
htp-35CGK_gfp showing DNA (blue) and pHIM-8/ZIMs (yellow). White dotted lines indicate
the CHK-2 active zone. Scale bar, 50 pm. (E) Quantification of the CHK-2 active zone in
indicated strains. Numbers of gonads scored are indicated below. htp-32; htp-3G490K, G728K_
gfp; him-36280K mytants show significant differences from N2 (p<0.0001), while others do
not (him-36280K h=0.9608; htp-32; htp-35GK-gfp, p=0.7806), analyzed by ordinary one-way
ANOVA.
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Figure 7. Feedback control of CHK-2 does not require PCs
(A-B) Dissected gonads from wild-type, ieDf2 and ieDf2; htp-3 hermaphrodites were

stained for DAPI (red), and DSB-1 (green). Scale bars, 50 um. The DSB-1 zone is marked
by white dotted lines. (C) Quantification of the DSB-1 zone in the indicated genotypes.
Numbers of gonads scored are indicated below, and error bars are standard deviations. ieDf2
mutants show significant differences from N2 (p<0.0001), while ieDf2; htp-3 mutants do not
(p=0.8014), by ordinary one-way ANOVA. (D) A model for the feedback control of CHK-2.
CHK-2 governs two major pathways leading to crossover formation in C. elegans. CHK-2
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acts at PCs to phosphorylate HIM-8 and ZIMs and primes their recruitment of PLK-2 to
promote pairing and synapsis. CHK-2 is also required for the programmed DSBs that initiate
meiotic recombination, independently of PCs. Defects in synapsis or crossover formation are
monitored through the meiotic HORMA domain proteins on chromosome axes, and extend
CHK-2 activity, thereby delaying meiotic progression. This feedback control of CHK-2
underlies the checkpoint mechanism that ensures crossover formation in C. elegans meiosis.
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