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Mechanisms that promote the correct completion of meiosis by breaking symmetry
of chromosomes

Carlton, Peter
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Since chromosome segregation in meiosis is critical for fertility and correct development, our work
leads to further insight about the possible causes of failure in human meiosis, which is responsible
for a significant portion of both infertility and developmental atypicalities in humans.

We achieved the aims of our project by identifying new, important mechanisms

in the pathway leading from asymmetric crossover placement to the establishment of cohesion loss
strictly on one of two domains on chromosomes of the nematode C. elegans. We showed that the
synaptonemal complex central element protein SYP-1 and the HORMA domain protein HIM-3 both become
phosphorylated specifically on the shorter of two domains created by the asymmetric placement of a
single crossover, and that preventing this phosphorylation leads to failure of downstream
recruitment of factors that promote chromosome segregation.
Additionally, we showed that the partitioning of phosphoproteins to the short arm depends globally
on the number of crossovers in the nucleus, with Eartitioning failing when fewer than 4 crossovers
are present. This result indicates global feedback mechanisms work to promote asymmetry of
chromosome protein recruitment.
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1. WrERBIEMIOER

Meiosis is the specialized cell division that creates haploid cells (sperm and eggs, in the case
of animals) from diploid precursor cells. In meiosis, one round of DNA replication is followed
by two rounds of chromosome segregation into daughter cells. For these two rounds of
division to achieve correct chromosome segregation, the four chromatids must be separated
from each other in two discrete steps, meaning that some cohesion must remain between

chromosomes after the first division, to keep them together until the second division.
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Figure 1° Chromosome dynamics that occur up until the first meiotic division. Green indicates cohesion

between sister chromatids.

In most eukaryotes, cohesion between chromosomes is protected at the centromere region, by
a protein called Shugoshin. The centromere becomes a domain of “cohesion protection” that
enables the two rounds of chromosome segregation to occur. However, many organisms
including the nematode Caenorhabditis elegans do not have discrete centromere regions;
these organisms have evolved different mechanisms to achieve the same aim. In C. elegans,
a “cohesion protection” domain is established by the following conditions: (1) a single
crossover recombination site is established on each chromosome; the number never exceeds
1 and the crossover is almost always positioned either to the right or the left of the
chromosome; (2) the crossover divides the chromosome into two segments, called the short
arm and the long arm according to their size; (3) the short arm becomes the location of
cohesion removal in the first meiotic division (Figure 1); the long arm becomes the location
of cohesion protection for the first division. The mechanisms that detect the size of the
chromosome segments, as well as establish different functional properties for each segment,
are not understood. Despite the narrow species range in which these mechanisms have been
found, their elucidation is of great general interest to the fields of genetics and chromosome
biology, since they allow a very small-scale local event to affect the large-scale properties of

entire chromosomes through the propagation of information.

We have previously discovered that the synaptonemal complex protein SYP-1 is
phosphorylated, and the phosphorylated form of the protein decorates the short arm of the

chromosome in early meiotic prophase. Indeed, this is one of the first visible indications of



the differentiation between the short and long arms, and the significance and effects of SYP-
1 phosphorylation are a major focus of our laboratory. We asked whether other chromosome-
binding proteins also display similar asymmetric phosphorylation on the short arm, and
found a similar phenomenon for the meiotic axis protein HIM-3, a HORMA-domain
containing protein required for correct chromosome structure. Our work during this period
aims to elucidate the requirements for correct partitioning and the significance of HIM-3

phosphorylation in promoting correct chromosome segregation.

2. MEDEW

We identified three phosphorylation sites on HIM-3 near the closure motif, a site known to
be involved in interacting with other HORMA-domain proteins. These sites were conserved
in HIM-3 proteins from other nematodes, suggesting they may have functional relevance.
We decided to test whether phosphorylation of HIM-3 protein at these sites was required
for meiosis; whether the phospho-form of the protein had any particular localization on
chromosomes that hinted at its function, and which kinase was responsible for its

phosphorylation.

3. WFEDFIE

Our method involves making non-phosphorylatable residues in the proteins we found to be
phosphorylated, and analyzing the effects of these mutations on recruitment of proteins
known to be involved in chromosome segregation. We use forward genetics (creating mutant
alleles by CRISPR/Cas9 editing), high-resolution microscopy of mutants, and genetic

interaction analysis.

4. WFERRE

1) We found that HIM-3 is phosphorylated on short arms, in a manner very nearly identical
to the SYP-1 protein we previously analyzed. However, we found that partitioning of HIM-3
to the short arms occurs somewhat later than that of SYP-1, and that its partitioning is less

complete; i.e., some small amount of phosphorylated HIM-3 remains on long arms as well.

To determine whether there was an interaction between phosphorylation of SYP-1 and HIM-
3, we examined HIM-3 phosphorylation in non-phosphorylatable SYP-1 mutants. We found
that HIM-3 partitioning was abrogated in such mutants, but SYP-1 phosphorylation is still
correctly partitioned; that is, partitioning of phosphorylated HIM-3 is downstream of SYP-1.
Interestingly, animals without SYP-1 do not show any phosphorylation of HIM-3 at all,

showing that phosphorylation of HIM-3 requires synapsis of chromosomes.



We also showed that phosphorylated HIM-3 does not partition in cases where some
chromosomes do not receive crossovers. In mutants that receive low crossover numbers, at
least 4 crossovers are required to enable partitioning of phospho-HIM-3 to the short arm.
This also held true for phosphorylated SYP-1 (Figure 2. While crossover-containing
chromosomes in nuclei with low crossover numbers did not partition, they did retain all the
phosphorylated HIM-3 and SYP-1 in the nucleus. Our results suggest that crossovers
increase the affinity of phosphorylated SYP-1 and HIM-3 for chromosomes, and that
partitioning is a further process that requires a threshold number of crossovers to occur.

HIM-3phos panHIM-3
GFP-COSA-1 GFP-COSA-1 Merged

=2

CO

=4

CO

=\

SYP-1phos  panSYP-1 SYP-1phos  panSYP-1
GFP::COSA-1 GFE::COSA-1 Merged GFP::COSA-1 GFP::COSA-1 Merged

CO=0

CO=3

Figure 2: partitioning of phosphorylated HIM-3 (top) and SYP-1 (bottom) only occurs when the

number of crossovers in a nucleus is four or greater.

Finally, we tested the importance of the HIM-3 phosphorylation sites by changing them to a
non-phosphorylatable residue (Alanine) or to phospho-mimetic residues (D or E). Although
the effect on viability (and thus the success of meiotic division) was negligible, in all cases,
there was a significant effect on the localization of SYP-1. SYP-1 normally departs the long
arm before chromosomes condense in preparation for division; however, in our HIM-3
mutants, SYP-1 remained abnormally associated with chromosomes until the division itself.
Thus, our observations add to the growing evidence that redundant mechanisms ensure

cleavage of cohesin on short arms at meiosis I even in the absence of asymmetric disassembly
of the SC.
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