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Each species has a particular number of chromosomes
that contain all the genetic information its cells need
to survive. For example, human cells contain 46
chromosomes, of which 23 are paternally-derived
(from sperm), and 23 are maternally-derived (from the
egg). With few exceptions, all 46 chromosomes are
needed for each cell to carry out its normal functions.
A chromosome number that is fewer or greater has the
potential to lead to catastrophic problems. It is therefore
essential that all gametes are created with the correct
number of chromosomes. To accomplish this, sexually-
reproducing organisms use a special program of cell
division called meiosis, which consists of two cell divisions
in a row after one round of DNA replication. In the first
division, called meiosis |, homologous maternal and
paternal chromosome pairs find each other, recombine,
and segregate away from each other into complementary
sets of chromosomes. The separation of pairs of
homologous chromosomes after recombination results
in two haploid genomes, containing half the chromosome
number of the original diploid genome. In the second
division, called meiosis Il, replicated DNA strands (sister
chromatids) segregate away from each other in a
manner similar to a normal mitotic cell division. Before
each round of chromosome segregation, chromosomes
are held together by a protein complex known as cohesin
that holds together replicated DNA strands. Cohesin is

able to hold together pairs of homologous chromosomes
because recombination between them often leads to
crossovers, exchanges of continuity between DNA
molecules. Segregation of chromosomes is enabled
during cell division by the removal and proteolytic
destruction of cohesin. The orchestration between
pairing and segregation of homologous chromosomes
enables the stable maintenance of correct chromosome
number through generations. Errors in this process,
however, can lead to meiotic mistakes and incorrect
chromosome number.

Since the chromosomes that must segregate away from
each other in meiosis Il must stay linked together until
the point of chromosome separation, not all the cohesin
connecting chromosomes can be destroyed in meiosis
I. To correctly segregate chromosomes, cohesin must
be degraded in two steps, first enabling one division in
meiosis I, and finally enabling the second division. Many
organisms orchestrate these two steps by protecting
cohesin at the centromere in meiosis |, and destroying
centromeric cohesin at meiosis Il. However, many
organisms do not have localized centromeres, and these
organisms must use a different strategy to carry out
the same two-step destruction of cohesin (Figurel). Of
these organisms, the best understood is the nematode
worm Caenorhabditis elegans, a well-developed
model system. C. elegans uses the location of genetic
recombination to partition its six chromosome pairs into
two unequal-sized segments called the short arm and
the long arm. During meiosis |, cohesin is degraded only
on the short arm, allowing chromosomes to separate.
The long arm then behaves similarly to a centromere, as
cohesin is protected from destruction on the long arm,
and long arms are pulled by the spindle into opposite
daughter cells. In other words, while C. elegans does
not have centromeres, it can temporarily designate a
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part of its chromosome to behave in a centromere-like
fashion during a single cell division, meiosis I. Our group
and others have elucidated that chromosomes can
compare the size of partitions, and recruit different sets
of proteins to the partitions in a size-dependent manner.
In particular, specific recruitment of the phosphorylated
form of the chromosome-binding protein SYP-1 to
the short arm, and its loss from the long arm, and
conversely the recruitment of two closely related meiotic
chromosome axis proteins, HTP-1/2, to the long arm and
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Figurel

Chromosome segregation patterns of monocentric and
holocentric chromosomes. Top, a diagram of chromosome
segregation in the first meiotic division. In the monocentric
chromosome shown at left, cohesin (magenta circles)
is degraded everywhere except the centromere (large
green circle) to enable the first division. In the holocentric
chromosome at right, cohesin is degraded on the shorter
of the two interfaces (the “short arm”) between the
chromosomes. Bottom, the second meiotic division is
shown, in which all remaining cohesin is degraded, enabling
segregation of chromosomes in a manner similar to mitosis
for both monocentric and holocentric chromosomes.

their removal from the short arm, is critically important
for the downstream steps of chromosome segregation.

In this work, we have focused on the role played by
phosphorylation of the conserved protein HIM-3, whose
human homologs are called HORMAD1 and HORMAD2.
HIM-3 forms part of the synaptonemal complex, a
protein polymer that helps hold chromosomes together
before and during recombination. The synaptonemal
complex is composed of lateral elements, formed by the

Figure 2
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Figure2

Phosphorylated HIM-3 partitions to the shorter arm of
meiotic chromosomes. A, a diagram of the synaptonemal
complex, showing the position of the axial elements
(blue circles; including HIM-3) between each of the two
homologous pairs of chromosomes, and the central elements
(green ovals, including SYP-1) connecting the axial elements
together. B, top, a diagram showing the position of the
crossover and the partitioning of the chromosome into short
and long arms. Bottom, the phosphorylated form of HIM-3 is
restricted to the short arms (yellow arrows).
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proteins HTP-3, HTP-1/2, and HIM-3; and the central
element, formed by the SYP proteins (SYP-1 through
SYP-6) (Figure2, top). Null mutants that do not have
HIM-3 protein cannot complete meiosis successfully,
making HIM-3 an essential protein for reproduction.

We previously performed a mass spectrometry analysis
of C. elegans phosphoproteins that act in meiosis and
found that HIM-3 protein becomes phosphorylated
at multiple conserved sites. Interestingly, these sites
are located at a region that was previously found
to be bound by HTP-1/2. Using antibodies that
specifically detect the phosphorylated form of HIM-
3, we performed immunofluorescence microscopy to
localize phosphorylated HIM-3 within C. elegans meiotic
nuclei. While HIM-3 protein localizes along the entire
chromosome axis, the phosphorylated form of HIM-3
was found to gradually concentrate only on the short
arm (from the crossover to the nearest chromosome
end), while only non-phosphorylated HIM-3 remains
on the long arm (Figure2, bottom). By examining the
localization of phosphorylated HIM-3 in spo-11 mutant
animals that do not initiate meiotic recombination
and thus lack crossovers, we found no partitioning
of phosphorylated HIM-3 to the short arms. This was
expected, since partitioning depends on the presence
of crossovers. However, spontaneous DNA damage
occurring at a low level in the pre-meiotic divisions of
these mutants gives rise to recombination intermediates
that recruit components of the crossover machinery on
roughly 1-2% of chromosomes. Phosphorylated HIM-
3 also accumulated on these rare chromosomes, but
interestingly, it did not partition to the short arm. This
observation led us to wonder whether HIM-3 partitioning
failed in these cases because a minimum number of
crossovers was not achieved, or because spontaneous
DNA breaks could not provide the correct environment
for partitioning to occur. To test this, we tested
another mutant, dsb-2, which has a reduced number
of crossovers, ranging from zero to six per nucleus.
In dsb-2 mutants, we found that phosphorylated HIM-
3 could partition to the short arm when the number of
crossovers was 5 or 6, but either partitioned partially or
not at all when the number was 4 or fewer. This result
indicates that the partitioning of chromosomes is globally
sensitive to the number of crossovers in the entire
nucleus.

Analysis of 3D structures derived from x-ray
crystallography suggested that phosphorylation of HIM-3
at S282 might sterically interfere with the ability of HTP-
1/2 to bind. To test whether phosphorylation of HIM-3
actually prevents the binding of HTP-1/2, we performed
an in vitro fluorescence polarization anisotropy assay,
testing the binding of purified HTP-2 protein to both non-
phosphorylated and phosphorylated peptides derived
from HIM-3. We found that phosphorylation of HIM-3
prevented the binding of HTP-2. This result implies that
the phosphorylation state of HIM-3 in vivo may affect the
binding of proteins to the chromosome axis.

Next, to directly test the role of HIM-3 phosphorylation
in meiosis, we created transgenic C. elegans strains
expressing either non-phosphorylatable (serine to
alanine) or phosphomimetic (serine to aspartic acid or
glutamic acid) versions of HIM-3 at the endogenous
gene locus, using CRISPR/Cas9 genome editing.
We discovered that both sets of mutations led to
defects in the correct establishment of long and short
arms, as assessed by the localization of HTP-1 and
phosphorylated SYP-1. (Figure3) While HTP-1 and
phosphorylated SYP-1 normally partition to the short and
long arms, respectively, we found that phosphomimetic
HIM-3 mutants resulted in the localization of phospho-
SYP-T to both long and short arms in 75-80% of cases,
and localization of HTP-1 to both long and short arms
in 25-30% of cases. Phosphomimetic mutants had a
stronger effect than non-phosphorylatable mutants on
partitioning, suggesting that this partitioning defect
could be mediated by the binding of HTP-1/2 to HIM-3.

Although chromosome partitioning defects were seen
in late meiotic prophase, all HIM-3 phosphomutants had
very limited effects on reproductive capacity: only 2-5%
of progeny found to be inviable in phosphomimetic HIM-
3 mutants. Since the effect of these mutants on the
localization of phospho-SYP-1 and HTP-1 is much larger,
we conclude that redundant mechanisms can act to
rescue correct chromosome segregation even if HIM-3
cannot contribute to correct partitioning.

Finally, we assessed whether HIM-3 phosphorylation
might play another role in addition to chromosome
partitioning. In budding yeast, phosphorylation of a
related chromosome axis protein, Hop1, was found to
be required for the preferential use of the homologous
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chromosome, rather than the sister chromatid, as a
repair template during meiosis. We wondered whether
phosphorylation of HIM-3 was similarly required for
enforcing the choice of the homolog as a repair template.
We tested this possibility in two different ways. Previous
results in C. elegans showed that the product of the
BRCAT (brc-1) gene is required for all sister chromatid
recombination in meiosis, making the combined loss
of brc-1 and genes that prevent sister recombination
highly lethal. We first constructed double mutants of
bre-1 with non-phosphorylatable and phosphomimetic
mutants of him-3, and assessed embryonic viability, and
found no synergy between the two mutations. Secondly,
informed by previous results that excess DNA damage
during meiosis must be repaired by sister chromatid-
templated repair, we exposed him-3 phosphomutants
to y-rays at 75Gy, a level shown to cause significant
lethality in bre-T mutants. However, we found no increase
in embryonic lethality in these animals. We conclude that
phosphorylation of HIM-3, unlike its homolog HopT in
budding yeast, does not enforce repair pathway choice in
C. elegans. Therefore, the function of Hop1 in yeast may

Figure 3
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Figure 3

Phosphomimetic mutants of HIM-3 lead to failure of
chromosome partitioning.

The top row shows the distribution of SYP-1 and HTP-1
on condensed wild-type chromosomes just before the first
meiotic division. SYP-1 is present at the short arm (horizontal
magenta band in diagram), and HTP-1 is present at the long
arm (vertical green band). The bottom two rows show two
different phosphomimetic mutants of HIM-3. In these mutants,
both SYP-1 and HTP-1 are found in both orientations,
indicating that chromosome partitioning is lost. Individual
channels are shown in grayscale; scale bar is 1 micron.

reflect a novel function that is not conserved in animals.

In conclusion, we have found that phosphorylation
of HIM-3, an essential component of the meiotic
chromosome axis, is required for maximal meiotic
efficiency through promoting the correct and timely
partitioning of chromosome-binding proteins to the long
and short arms. Prevention of HIM-3 phosphorylation
results in failure to segregate specific proteins or
phosphoproteins to both the short and long arms.
However, due to the low level of lethality compared with
the high level of observed chromosome partitioning
defects, we conclude that redundant compensatory
mechanisms must exist that can promote correct
chromosome segregation even of chromosomes that
had been mispartitioned. The human homologs of HIM-
3, are also known to be phosphorylated, and it has
been hypothesized that this phosphorylation serves as
a marker for the status of chromosome pairing. Thus,
phosphorylation of synaptonemal complex components
is likely to play diverse roles in different organisms,
making it an area of intense ongoing investigation.
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