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Abstract

During meiosis, programmed DNA double-strand breaks (DSBs) are formed at hotspots to initiate homologous recombination, which is vital for
reassorting genetic material. In fission yeast, the linear element (LinE) proteins Mug20, Rec25, and Rec27 interdependently bind chromosomal
hotspots with high specificity and are necessary for high-level DSB formation. However, their mechanistic role in regulating the meiotic DSB
machinery remains unknown. Here, using purified Mug20-Rec25-Rec27 (MRR) complex and functional intracellular analyses, we reveal that
the MRR-DNA nucleoprotein complex assembles phase-separated condensates that compact the DNA. Notably, MRR complex formation
is a prerequisite for DNA binding and condensate assembly, with Rec27 playing a pivotal role in directly binding DNA. Consistent with this
finding, failure to form MRR-DNA condensates results in defective intracellular meiotic DSB formation and recombination. Our results provide
mechanistic insights into how LinEs enhance meiotic DSB formation and provide a paradigm for studies in other species.
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Introduction

Meiosis, a sophisticated process in all sexually reproducing
species, massively influences genome evolution. During the
first meiotic prophase, homologous chromosomes are sta-

bly paired and undergo meiotic recombination to reshuffle
the genetic material. The reciprocal exchange of portions of
homologous chromosomes generates crossovers that impart
physical tension, aiding proper chromosome segregation and
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reassorting genetic variations, thereby increasing genetic
diversity [1, 2].

Meiotic recombination is initiated by programmed DNA
double-strand breaks (DSBs), promoted by the conserved
topoisomerase VI-like protein Spoll [3-6]. These DSBs are
not randomly or uniformly distributed across chromosomes.
Instead, they are preferentially formed at specific chromoso-
mal sites called DSB hotspots [7-11], defined as chromoso-
mal loci that match or exceed a given threshold of Spol1-
dependent DSBs in eukaryotes [9-15].

Hotspot determination among different species involves
a complex interplay of multiple factors, including specific
DNA sequences [16], accessible chromatin regions [10], and
chromosome-bound proteins [9, 10, 17], but the mechanism
has been largely elusive. For instance, hotspots are frequently
located within nucleosome-depleted regions in Saccharomyces
spp. [10, 18] and Arabidopsis thaliana [19, 20], but less so in
the fission yeast Schizosaccharomyces pombe [9, 21]. In the
budding yeast S. cerevisiae and mice, histone H3K4 methyla-
tion is correlated with DSB formation at most hotspots [22—
24], whereas in S. pombe, the level of histone H3K9 acetyla-
tion is elevated at hotspots [25] and the histone variant H2A.Z
is required for hotspot localization of DSB-forming proteins
[26]. The role of these histone modifications in hotspot deter-
mination is unclear.

In S. pombe, linear element (LinE) proteins, which are
meiosis-specific and resemble the axial element precursors
of the synaptonemal complex in most eukaryotes [27, 28],
bind to hotspots with high specificity and are required for
high levels of DSB formation at most hotspots under reported
conditions [9]. Four LinE proteins—Rec10, Mug20, Rec235,
and Rec27—have been identified [27, 29, 30]. Rec10, Rec27,
and Mug20 exhibit limited amino acid sequence similarity to
the S. cerevisiae axial element protein Red1, the nematode
Caenorhabditis elegans synaptonemal complex protein SYP-
2, and its associated protein DDL-1 [8, 27, 31], respectively.
However, unlike the evolutionarily conserved ultrastructure
of the synaptonemal complex, which is a continuous end-to-
end structure along and between homologous chromosomes,
LinE proteins form shorter linear nuclear structures (LinE
structures) [27]. These structures have been observed by elec-
tron microscopy upon spreading meiotic nuclei and through
structured illumination fluorescence microscopy of cells at the
horsetail stage (i.e., meiotic prophase I) [32-34]. Intriguingly,
LinE protein structures are sensitive to 1,6-hexanediol treat-
ment 7 vivo [34]. This aliphatic alcohol has been widely used
to investigate the physical properties of self-assembling in-
tracellular membrane-less compartments [35], typically called
phase-separated condensates [36]. 1,6-hexanediol disrupts S.
pombe LinE structures, indicating that LinE proteins undergo
phase separation, as do synaptonemal complexes in other
species [37] despite their differences in morphology and pro-
tein components.

Genome-wide localization of LinE proteins has demon-
strated that Mug20, Rec25, and Rec27 are exclusively en-
riched at most DSB hotspots, with exceptionally high speci-
ficity under the reported conditions, and their protein abun-
dances are highly correlated with DSB frequency at those
hotspots [8]. In the absence of any one of these proteins,
DSB frequencies at hotspots are markedly reduced [29, 38].
These proteins appear to function as a complex based on
yeast two-hybrid analyses [29], their interdependencies, and
the colocalization of their nuclear foci [8, 30, 34]. Notably,

most meiotic DSBs are eradicated in rec27A strains [8, 39].
The genome-wide distributions of Rec27 in the absence or
presence of Rec12 (the Spol1 ortholog in S. pombe) [5] are
indistinguishable, implying that Rec27 localizes to chromoso-
mal sites poised to be hotspots prior to DSB formation [8].
Moreover, Rec12 binds to multiple chromosomal sites but
forms DSBs primarily in the company of Rec27 [8]. In addi-
tion, a recent study revealed that the chromosomal binding of
Mug20, Rec25, and Rec27 is sufficient to create a DSB hotspot
[40]. In that study, the authors fused one or another of these
three LinE proteins with the Escherichia coli Lacl repressor
and a nuclear localization signal, localized them to a novel
chromosomal site—a non-hotspot region with multiple lacO
substitutions—and assayed DSB formation and recombinant
frequencies. Interestingly, a DSB hotspot comparable to strong
endogenous hotspots was generated and was dependent on the
non-fused LinE proteins. These findings indicate that Mug20,
Rec25, and Rec27 are highly specific hotspot-associated
proteins crucial for the enhancement of S. pombe meiotic
recombination.

Previous genetic research has demonstrated the importance
of Mug20, Rec25, and Rec27 in meiotic DSB formation
and has established the recombination phenotypes of various
respective mutants. Nevertheless, our understanding of the
mechanistic roles of these three LinE proteins in activating the
meiotic DSB machinery remains primitive due to the lack of
purified recombinant proteins and functional analyses. In this
study, we have established a pipeline to co-express and purify
to high purity tag-free Mug20, Rec25, and Rec27 as a com-
plex, hereafter referred to as the MRR complex. Through bio-
chemical and single-molecule analyses, we reveal the bona fide
DNA-binding ability of the MRR complex, which assembles
phase-separated condensates with duplex DNA that compact
DNA substrates. By co-incubating Mug20, Rec25, and Rec27
proteins, we demonstrate that formation of the MRR complex
is crucial for its DNA binding activity and condensate forma-
tion, with Rec27 playing the primary role in protein-DNA in-
teractions. Our study reveals the biochemical and biophysical
characteristics of the MRR complex, and we propose that the
constituent proteins assemble on chromosome axes, spatially
and numerically controlling DSB formation by altering chro-
mosome length.

Materials and methods

DNA substrates

To prepare the substrates for the DNA binding analysis, the
linear 80-mer DNA oligonucleotide (oligo), oligo 2, with its
5’ end-labeled with fluorescein amidite (FAM), and its com-
plementary oligo 8 were synthesized and gel purified by Ge-
nomics BioSci & Tech (sequences are listed in Supplementary
Table S1). The 80-bp double-stranded DNA (dsDNA) sub-
strate was generated by annealing oligo 2 and oligo 8, re-
solved in a 10% TBE (90 mM Tris-boric acid, pH 8.0, 2 mM
EDTA)-polyacrylamide gel and purified with a D-Tube Dia-
lyzer (Merck Millipore). The purified DNA substrates were
concentrated with a 10-kDa cutoff Amicon Ultra Centrifugal
filter (Merck Millipore) and stored in TE (10 mM Tris-HCI,
pH 8.0, 0.5 mM EDTA) buffer. The supercoiled pBluescript
SK (-) plasmid was purified from E. coli using the Mini Plus
Plasmid DNA Extraction System (Viogene). To generate the
linear pBluescript SK (-) plasmid, the supercoiled DNA was
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digested by EcoRI restriction enzyme and purified using the
Advanced PCR Clean Up System (Viogene).

The 1,162-bp dsDNA substrate used in the single-molecule
tethered particle motion (TPM) experiment was generated by
polymerase chain reaction (PCR) using the plasmid pBR322
as the template. The PCR fragments were labeled during am-
plification using the 5’-biotin-modified primer TPM-biotin
and the 5'-digoxigenin-modified primer TPM-DIG (sequences
are listed in Supplementary Table S1). All PCR products were
further purified using NucleoSpin Gel and PCR Clean-up kit
(MACHEREY-NAGEL).

Yeast strains and genetic methods

Genotypes of the S. pombe strains are described in
Supplementary Table S2. Media for cell growth and meth-
ods for strain construction, meiotic crosses, and random spore
analysis were as described previously [41].

Construction of rec27-283 (5E)

The mutation rec27-283 (SE) was introduced into plasmid
pLMO8 by mutagenesis using the QS5 Site-Directed Mutage-
nesis Kit (New England BioLabs) as described [38]. Primers
to introduce the SE mutation are listed in Supplementary
Table S1. The mutation was confirmed by sequencing. Sub-
sequently, the mutated rec27 OREF, along with flanking ho-
mologous sequences, was released from the plasmid through
Kpnl digestion and integrated into the chromosomal rec27 lo-
cus by transforming strain GP8513 (rec27-257::ura4*) to 5-
fluorouracil (FOA)-resistance. Primers OL3255 and OL3256
were used to confirm the integration site [38].

Preparation of expression vectors

Full-length cDNAs of S. pombe mug20, rec25, rec27, and the
rec27-5E mutant variant were cloned into pET SUMO vec-
tors (Invitrogen) with hexahistidine (Hiss) and SUMO tags
by In-Fusion cloning (Takara Bio) to generate N-terminally-
tagged expression vectors for Mug20, Rec25, Rec27, and
Rec27-5E recombinant proteins. Superfolder green fluores-
cent protein (sfGFP) [42] cDNA was subcloned into the Hisg-
SUMO-tagged vectors of Rec27 and Rec27-SE to yield expres-
sion vectors for Rec27-sfGFP and Rec27-5E~sfGFP recombi-
nant proteins. To generate the untagged Rec25-Mug20 ex-
pression vector, the rec25 and the mug20 cDNAs were cloned
into the pETDuet-1 expression vector (Novagen) by In-Fusion
cloning. All expression vectors were sequenced to ensure the
absence of unexpected mutations.

Expression and purification of recombinant
proteins

The untagged, sfGFP-conjugated Mug20-Rec25-Rec27
(MRR) protein complex, the MRR-5E mutant variant, and
Hisg-SUMO-tagged Rec25, -Rec27, -Rec27-sfGFP, and
-Mug20 recombinant proteins were expressed in E. coli
BL21-CodonPlus(DE3)-RIL cells containing pG-Tf2 plasmid,
which enables expression of the chaperonins GroES-GroEL
and the Trigger factor [43]. To express the protein complex,
cells were co-transformed with pETDuet-1-Rec25-Mug20
and one of the following expression vectors: pET SUMO-
Hisg-SUMO-Rec27, pET SUMO-Hisg-SUMO-Rec27-sfGEP,
pET SUMO-Hisg-SUMO-Rec27-5E, or pET SUMO-Hisg-
SUMO-Rec27-5E~sfGFP. The co-transformed cells were

plated on LB plates containing the appropriate antibiotics.
A single colony was cultured in liquid LB medium at 30°C
to an optical density (ODgo) of 0.6-0.8. Protein expression
was carried out at 12°C overnight with 0.25 mM isopropyl
B-D-1-thiogalactopyranoside (IPTG).

All purification steps were carried out at 4°C. To purify the
MRR complex or Rec27 recombinant protein, cell pellets were
resuspended in T buffer [25 mM Tris-HCI, pH 7.5, 0.5 mM
EDTA, 10% glycerol, 0.01% IGEPAL CA-630 (non-ionic de-
tergent), and 1 mM B-mercaptoethanol] supplemented with
500 mM KCl, 1 mM phenylmethylsulfonyl fluoride (PMSF),
1 mM benzamidine, and 3 pg/mL of the following protease
inhibitors: aprotinin, chymostatin, leupeptin, and pepstatin
A. The resuspended cells were sonicated and centrifuged at
100,000g for an hour. The clarified cell lysate was incubated
with pre-equilibrated Ni-NTA Agarose resin (QIAGEN) for 3
hours, washed with K buffer (20 mM KH,PO4, pH 7.4, 0.5
mM EDTA, 10% glycerol, 0.01% IGEPAL CA-630, 1 mM
B-mercaptoethanol) containing 100 mM KCl and 20 mM im-
idazole, and eluted with K buffer containing 100 mM KCI
and 200 mM imidazole. The eluate was loaded on an 8-mL
Tricorn column (Cytiva) packed with CHT ceramic hydrox-
yapatite Type I resin (Bio-Rad Laboratories) and fractionated
through a linear gradient of 0-280 mM KH, POy in K buffer.
Fractions containing the proteins of interest were pooled and
dialyzed overnight with a 10-kDa cutoff dialysis membrane
(Repligen) to reduce the KCI concentration to 50 mM. The di-
alyzed sample was loaded onto a 1-mL Tricorn column packed
with SOURCE 15Q resin (Cytiva) and fractionated through
a linear gradient of 0-335 mM KCl in T buffer. The Hisg-
SUMO tag on Rec27 was cleaved by applying SUMO pro-
tease Ulp1 overnight. The tag-free recombinant protein was
then loaded onto a Superdex 200 Increase 10/300 GL column
(Cytiva) pre-equilibrated with T buffer containing 300 mM
KCI. The purest peak fractions, as determined by sodium do-
decyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE)
stained with Coomassie brilliant blue, were pooled, concen-
trated in a 10-kDa cutoff Amicon Ultra Centrifugal filter,
aliquoted, frozen with liquid nitrogen, and stored at -80°C.

To purify the Hisg-SUMO-tagged Rec25 and Mug20 re-
combinant proteins, the protein-expressing cells were resus-
pended, lysed, and centrifuged as described above. The clar-
ified cell lysate was incubated with pre-equilibrated TALON
Metal Affinity Resin (Takara Bio) for 3 hours, washed with
TALON buffer (25 mM Tris-HCL, pH 7.5, 10% glycerol,
0.01% IGEPAL CA-630, 1 mM B-mercaptoethanol, 10 mM
ATP, and 10 mM MgCl,) containing 50 mM KCl and 10 mM
imidazole, and eluted with TALON buffer containing 50 mM
KCl and 200 mM imidazole. The millimolar concentrations
of ATP and magnesium ions in the TALON buffer act as bi-
ological hydrotropes that solubilize proteins and keep them
soluble. The eluate was loaded onto a 1-mL Tricorn column
packed with SOURCE 15Q resin and fractionated through a
linear gradient of 0-335 mM KCI in TALON buffer. The elu-
ate was loaded onto a 1-mL Tricorn column packed with CHT
ceramic hydroxyapatite Type I resin and fractionated through
a linear gradient of 0-280 mM KH, POy in K buffer, followed
by loading onto a 1-mL Mono Q 5/50 GL column (Cytiva)
and elution through a linear gradient of 0-335 mM KClI in
T buffer. The purest peak fractions, as determined by SDS-
PAGE stained with Coomassie brilliant blue, were pooled,
concentrated in a 10-kDa cutoff Amicon Ultra Centrifugal fil-
ter, aliquoted, frozen with liquid nitrogen, and stored at -80°C.
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Mass photometry

The sample chamber and samples for the mass photometry
experiment were prepared as described previously [44]. In
brief, glass coverslips were thoroughly cleaned with Milli-
Q H,O and isopropanol and then dried with a clean ni-
trogen stream. Before the mass photometry experiment, the
protein sample was directly diluted in phosphate-buffered
saline to a concentration of 2 nM and applied to the pre-
assembled silicon gasket well. All measurements were per-
formed using a TwoMP mass photometer (Refeyn Ltd, Ox-
ford, UK), and the data were acquired and analyzed using
AcquireMP and DiscoverMP software, respectively. Calibra-
tion was carried out using the bovine serum albumin (BSA)
standard.

Electrophoretic mobility shift assay

The indicated concentration of protein was incubated with
80-mer single-stranded DNA (ssDNA) (oligo 2), 80-bp ds-
DNA (oligo 2 and oligo 8), or supercoiled or linear 3-
kb pBluescript SK (-) plasmid at a concentration of 5 nM
molecules. The 10-uL binding reactions were carried out in
35 mM Tris-HCI, pH 7.5, 150 mM KCl, 1 mM DTT, and
100 ng/pL BSA at 25°C for 20 minutes. The reaction mix-
tures with oligonucleotides and plasmid substrates were re-
solved in 0.8% agarose or 10% TBE-polyacrylamide gels in
TBE buffer at 4°C. Fluorescent signals were detected for the
oligonucleotide substrates, and gels were imaged using an
Amersham Typhoon 5 Biomolecular Imager (Cytiva) with a
488 nm laser diode and a Cy2 515-535 nm band-pass filter.
Gels were stained with 1 pg/mL ethidium bromide for the
plasmid substrates and imaged with a Biomolecular Imager
Gel Doc XR+ system (Bio-Rad Laboratories).

In vitro condensation assay

Unless otherwise stated, the phase-separated nucleoprotein
condensates were assembled according to the following pro-
cedure. First, 5 uM protein (with 10% sfGFP-conjugated
protein) and 5 nM (molecules) supercoiled pBluescript SK
(-) plasmid were incubated at 25°C for 30 minutes in the
reaction buffer (35 mM Tris-HCI, pH 7.5, 50 mM KCI,
1 mM DTT) to reach a final 10-uL reaction volume. Af-
ter 30 minutes of incubation, 3 uL of the reaction mix-
ture was dropped onto a microscope slide and covered with
a coverslip. Micrographs were captured on a Leica TCS
SP5 confocal microscope with a 100x/1.4 NA oil immer-
sion objective lens (Olympus) and analyzed with Fiji [45].
In brief, 155 pm x 155 pm (1,024 x 1,024-pixel) micro-
graphs were thresholded using the mean intensity of the
background plus three times the standard deviation. Masked
foci were counted, and the areas of all masked foci were
summed.

Fluorescence recovery after photobleaching

Fluorescence recovery after photobleaching was performed on
a Leica TCS SPS confocal microscope with a 100x /1.4 NA
oil immersion objective lens at room temperature. Conden-
sates were assembled under the above-described conditions
and photobleached for 1 second using a 488 nm argon laser.
Time-lapse images were captured at 30-second intervals for
10 min.

Single-molecule tethered particle motion
experiment

The silanized glass slides, coverslips, reaction chamber, and
220-nm streptavidin-coupled polystyrene beads (Bangs Labo-
ratories) were prepared as previously described [46]. The re-
action chamber was first incubated with 8-10 ng/uL anti-
digoxigenin antibody (Roche) for 30 minutes and with 2
mg/mL BSA for 30 minutes to prevent non-specific bind-
ing. Then, 20 puL of 2-4 nM 1,162-bp dsDNA substrates
were immobilized on the slide through digoxigenin/anti-
digoxigenin linkage, followed by washing twice with buffer
to remove unbound DNA molecules before incubating with
the streptavidin-coupled polystyrene beads. The DNA tethers
were incubated with 1.32 uM MRR complex in 20 uL. TPM
buffer (35 mM Tris-HCI, pH 7.5, 1 mM DTT, 2 ug/uL BSA,
and 15 mM KCI). To dissolve the condensate on the DNA
tethers, TPM buffer with 8% 1,6-hexanediol was flowed into
the reaction chamber. Images of the beads were captured on an
Olympus IX71 inverted optical microscope with a differential
interference contrast system and a 100x /1.4 NA oil immer-
sion objective lens. Brownian motion of the beads was defined
by the standard deviation of bead centroid positions every 20
frames (30 ms/frame) for a total of 500 frames and analyzed
using a custom Python script.

Spin-down assay

The indicated protein concentration was incubated with §
nM (molecules) supercoiled pBluescript SK (-) plasmid to as-
semble phase-separated condensates under the conditions de-
scribed above. The assembled nucleoprotein condensates were
centrifuged at 15,000g for 10 minutes, and concentrations
were measured in the clarified supernatant using the Bradford
assay.

Circular dichroism spectroscopy

The secondary structures of the MRR and MRR-SE com-
plexes (4 uM) were determined by circular dichroism (CD)
analysis using a Jasco J-815 spectropolarimeter under con-
stant nitrogen flush. The far-ultraviolet CD spectra were mea-
sured at a wavelength range of 195-250 nm, with a band-
width of 1.0 and a resolution of 0.5 nm at a scan speed of 50
nm/min. All samples were loaded in a 1-mm quartz cuvette.
Proteins were diluted in a buffer containing 20 mM NaH,PO4
and 150 mM NaF. All CD spectra were blanked with the re-
spective buffer, and all measurements were performed in trip-
licate and averaged at 25°C.

Fluorescence microscopy

Homothallic (%) cells were induced and imaged as described
previously [34]. Cells from 50-100 uL of fresh overnight
culture in yeast extract liquid were collected, washed three
times with water, suspended in 20 pL of water, spotted
on sporulation medium (MEA), and incubated at 25°C for
13-15 hours. Cells induced for meiosis were suspended in
nitrogen-depleted Edinburgh minimal medium (EMM2—N)
with Hoechst 33342 (5 pug/mL) to stain chromatin. Before ob-
servation, the cell suspension was spread on a poly-L-lysine-
coated slide using structured illumination microscopy with a
100x /1.4 NA STED White Objective (Leica Microsystems)
and VT-iSIM system (Visitech International). Image data were
processed with Micro Evolution Deconvolution Software run-
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ning in Fiji. Images are maximum intensity projections of
sections with a step size of 0.2 um to cover the whole cell.
For cells treated with 1,6-hexanediol, cells were suspended in
EMM2—N with Hoechst 33342 and 1,6-hexanediol (7.5%
w/v) and observed under a microscope within 5 minutes
of adding the hexanediol. Experiments using two different
sources of 1,6-hexanediol (Sigma-Aldrich and Hampton Re-
search) generated similar results.

DSB frequency analysis and quantification

The procedures for DSB quantification were as described pre-
viously [47]. Cells (b~ rad50S patl-asl haploids) were in-
duced for meiosis at 25°C, harvested at 0, 6, and 7 hours, and
embedded in agarose plugs. Cells were lysed and treated with
RNase and proteinase K. The DNA was digested overnight
with a restriction enzyme (Pmel or Notl), and the fragments
were separated by pulsed-field gel electrophoresis and ana-
lyzed by Southern blot hybridization. Probes for hybridization
are described in Young et al. [48] and Fowler et al. [49]. Sig-
nals were detected using a Typhoon Odyssey PhosphorImager
system (GE Healthcare) and quantified using ImageQuant TL
software (GE Healthcare).

AlphaFold2 structure prediction

The structure of the MRR complex was predicted using Co-
labFold batch v1.4 with the specialized AlphaFold-multimer
model and MMseqs2 server for the multiple sequence align-
ment (MSA) [50, 51]. The default pair MSA and filter options
were used to generate five models with the highest predicted
local distance difference test scores. The model with the high-
est score was selected in this study.

Statistical analysis

All statistical tests were performed using GraphPad Prism 10
(GraphPad Software Inc.). The normality of data was con-
firmed by the Shapiro-Wilk test. The heterogeneity of sam-
ple variances among groups was determined by the Brown-—
Forsythe test. Mean values among multiple groups were
compared using one-way or two-way analysis of variance
(ANOVA) with Dunnett’s or Sid4k’s post hoc test. For com-
parison between the two groups, the F test and the unpaired
t-test were adopted to confirm the variance heterogeneity and
the statistical difference between the mean values of the two
groups. p < 0.05 were considered to be statistically significant.
All statistical tests and p-values are two-tailed. No statistical
methods were used to predetermine the sample size.

Results

Expression and purification of S. pombe
Mug20-Rec25-Rec27 complex

To characterize the biochemical properties of Mug20, Rec235,
and Rec27 and unravel the molecular basis of their func-
tion as a complex, we sought to co-express and purify un-
tagged Mug20, Rec25, and Rec27. To enhance the solubil-
ity of expressed proteins, hexahistidine (Hisg) and SUMO
tags were introduced at the N-terminus of Rec27 (Fig. 1A)
and, after purification, they were removed using the SUMO
protease Ulp1l. Co-expressed Mug20, Rec25, and Rec27 pro-
teins in Escherichia coli were verified by Coomassie brilliant
blue-stained SDS-PAGE and immunoblotting (Fig. 1B), and

then purified according to a multi-step purification proto-
col that entailed affinity, ion exchange, and size exclusion
chromatography (Supplementary Fig. S1A). During each pu-
rification step, Mug20, Rec25, and Rec27 eluted in identi-
cal fractions, indicating that the MRR protein complex re-
mained intact. The highly purified untagged MRR complex
was obtained without soluble aggregates through size exclu-
sion chromatography (Fig. 1C and Supplementary Fig. S1B),
and its stoichiometry was analyzed by mass photometry.
Complex size, as determined by mass photometry, matches
the expectation of a monomer (49 kDa), indicating that the
purified MRR complex assembles into a 1:1:1 stoichiome-
try (Supplementary Fig. S1C). Mug20, Rec25, and Rec27
protein identities were confirmed by liquid chromatogra-
phy coupled with tandem mass spectrometry (LC-MS/MS)
(Fig. 1D).

The MRR complex is a bona fide DNA-binding
protein complex

The constituents of the MRR complex have been shown pre-
viously to colocalize at DSB hotspots and to form, interde-
pendently, chromatin-associated LinE structures [8, 27, 29,
30]. To investigate if the intact purified MRR complex pos-
sesses DNA-binding activity, we performed an electrophoretic
mobility shift assay. Using negatively supercoiled and linear
dsDNA as substrates (~3 kilobases, kb), we found that the
MRR complex bound both types of DNA without any sig-
nificant binding preference (Fig. 2A—C). Next, we compared
the binding affinity of the MRR complex for 80-base pair
(bp) ssDNA and dsDNA. The protein complex bound the ss-
DNA and exhibited a similar DNA-binding affinity for ds-
DNA (Supplementary Fig. S1D, comparing panels i and ii). To
further test a binding preference, both DNA substrates were
co-incubated with the MRR complex in a mobility shift assay.
Our results revealed a marginal preference for dsDNA binding
(Fig. 2D). Taken together, these findings demonstrate that the
MRR complex is a bona fide DNA-binding protein complex,
with a slight binding preference for dsDNA, with or without
ends.

DNA-driven MRR condensate assembly in vitro

Due to their similar amino acid sequences and morphol-
ogy, LinE proteins are believed to be evolutionarily related
to the ubiquitous synaptonemal complexes [27, 28]. These
complexes form phase-separated structures in meiosis in the
species examined to date [37]. Biomolecular phase separa-
tion is driven by cumulative electrostatic and hydrophobic in-
teractions between intrinsically disordered regions with low
amino acid sequence complexity or multivalent interactions
such as protein-protein or protein-DNA interactions [52-54].
The phase-separated condensates share similar biophysical
properties: they can fuse, are promoted by molecular crowd-
ing [55], and are reversible.

In vivo, nuclear foci of S. pombe Mug20, Rec25, and Rec27
are dissolved by 1,6-hexanediol treatment [34], indicating that
they form phase-separated condensates just like the synap-
tonemal complexes of other species. Additionally, the Fuz-
Drop algorithm predicts that Rec25 and Rec27 harbor dis-
ordered regions important for condensate formation (Fig. 3A)
[56]. To further explore if the MRR-DNA nucleoprotein com-
plex assembles and behaves like typical phase-separated con-
densates in vitro, we purified and visualized the MRR com-
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Figure 1. Expression and purification of S. pombe MRR complex. (A) Plasmid maps of Rec25, Mug20, and Hisg-SUMO-tagged Rec27. T7P and T7T
represent the T7 promoter and terminator, respectively. (B) Coomassie brilliant blue-stained SDS-PAGE and immunoblotting (hexahistidine-tag
monoclonal antibody) of the whole cell extracts harboring the Hisg-SUMO-Rec27 and Rec25-Mug20 expression vectors incubated with or without IPTG.
The hexahistidine tag monoclonal antibody was used in the immunoblotting analysis. (C) SDS-PAGE of the purified untagged MRR complex (3 ng was
loaded). (D) The identities of Mug20, Rec25, and Rec27 were determined by LC-MS/MS. The amino acids identified in the fragments are underlined.

plex conjugated to the sfGFP (Supplementary Fig. S2A and
B) in the presence of supercoiled plasmid DNA. We observed
that micron-sized quasi-circular condensates became visible
and apparent at a protein concentration of 5 uM (Fig. 3B).
These condensates grew in size and decreased in number in
a concentration-dependent manner (Supplementary Fig. S3A
and B). A time-course analysis revealed that the conden-
sates appeared within 5 minutes of mixing and reached a
plateau in size and number after 30 minutes, with size increas-
ing and number decreasing over time, indicative of conden-
sate coalescence (Fig. 3C). Additionally, condensate formed
at high protein and low salt concentrations but was sup-
pressed at high salt concentrations (Fig. 3D). No signifi-
cant fluorescence recovery was observed after photobleach-
ing (Supplementary Fig. S4A), suggesting high viscosity within
a condensate [57]. Moreover, the crowding agent polyethy-
lene glycol (PEG) strongly enhanced condensate formation
(Supplementary Fig. S4B).

In addition, we determined an estimated saturation con-
centration (cs,) using an absorbance-based spin-down assay.
Above a threshold concentration (~10 uM), the concentration

in the supernatant reached a plateau (Fig. 3E). This outcome
is consistent with establishing phase equilibrium between the
dilute and dense phases. To confirm the robustness of our as-
say results, we also included BSA as a negative control. The
assembled condensates were dissolved upon exposure to high
salt levels or 1,6-hexanediol, supporting that condensate as-
sembly relied on electrostatic and hydrophobic interactions
(Fig. 3F). In conclusion, the phase of the MRR-DNA nucleo-
protein complex is not an irreversible aggregate but a stable,
gel-like phase.

Surprisingly, in the absence of duplex DNA, the quasi-
circular condensates still assembled but at a higher protein
concentration than with DNA (Supplementary Fig. S3A and
B). The biophysical characteristics of these MRR condensates
are identical to those of the MRR-DNA nucleoprotein con-
densates, i.e., they coalesce, display high viscosity, and are re-
versible (Supplementary Fig. S3C-E). Hence, the MRR com-
plex can intrinsically assemble phase-separated condensates,
with duplex DNA molecules potentially acting as scaffolds
for protein loading and accumulation, thereby simplifying the
condensate assembly process.
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MRR condensates compact duplex DNA

To prevent an overabundance of breaks during meiotic recom-
bination, introduction of a DSB hotspot reduces DSB activity
at neighboring hotspots [49, 58, 59]. Fowler et al. [49] pro-
posed that the hotspot-amplifying LinE proteins physically
cluster hotspots over a limited chromosomal interval (~200
kb or ~35 ¢cM), leading to this phenomenon, termed “hotspot
competition.” This clustering behavior may be driven by
condensate-mediated DNA compaction, as observed for a
transcription factor that brings distant DNA regions into
proximity [60]. Accordingly, we used a single-molecule TPM
technique to test if the MRR-DNA nucleoprotein condensate
can reduce the end-to-end distance of duplex DNA molecules.
Our TPM experiment measured the Brownian motion (BM)
of bead-labeled DNA molecules anchored on a glass slide
(Fig. 4A), enabling real-time observation of DNA end-to-end
distance alteration [61]. Compared to the DNA-only control
group, the presence of the MRR complex dramatically re-
duced BM values of DNA-tethered beads (Fig. 4B and C),
indicating that MRR-DNA condensates are more compact,

with a shorter DNA end-to-end distance than the substrate
DNA [62]. To confirm if the MRR condensate drove this be-
havior, we treated the compacted DNA molecules with 1,6-
hexanediol. This treatment resulted in BM values recovering
to a level determined for the DNA-only group (Fig. 4B and C),
suggesting a condensate-driven DNA compaction.

Five basic amino acid residues in Rec27 account for
the DNA binding activity and condensate assembly
of the MRR complex

To further delve into the importance of DNA binding activ-
ity and condensate assembly in meiotic DSB formation, we
sought to identify mutant variants of the MRR complex de-
fective in either of these two characteristics. Fowler et al. [8]
previously demonstrated that Rec27 binds to sites poised to
be DSB hotspots, and most Rec12-bound sites do not form
high-level breaks in the absence of Rec27, implying that Rec27
plays a crucial role in enhancing meiotic DSB formation.
Furthermore, Ma et al. [38] identified three rec27 missense
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Figure 3. DNA-driven MRR condensate assembly in vitro. (A) Prediction of Mug20, Rec25, and Rec27 droplet-promoting regions using the FuzDrop
server [566]. The amino acid position is shown in the x-axis, and the y-axis indicates the droplet-promoting probability (ppp), where ppp = 0.6 (dotted line)
is a cutoff value above which residues are considered capable of promoting phase separation. The bars indicate the predicted droplet-promoting regions.
(B) Representative micrograph of 5 uM MRR-DNA nucleoprotein condensates. The boxes indicate two zoomed-in regions of interest, expanded on the
right. (C) (i) Representative micrograph of 5 uM MRR-DNA nucleoprotein condensates assembled after 5 and 30 minutes. (ii) Normalized foci number
and average foci area at different time points. Numbers and average foci area were normalized to the mean of the sample assembled after 5 and 30
minutes, respectively. Data are shown as mean + SEM from three independent experiments. (D) The impact of KCI and protein concentrations on
MRR-DNA nucleoprotein condensate formation. The relative fluorescence intensity of condensation is represented as the average foci area multiplied
by mean fluorescence intensity (A x M). (E) The normalized absorbance at 595 nm of the clarified supernatant of the MRR complex. The vertical dashed
line intersects the abscissa at ~10 1M, the inferred saturation concentration (csat) for the MRR-DNA nucleoprotein condensates. BSA was included as a
control, as shown by the gray dashed line. (F) (i) Representative micrographs of pre-assembled MRR-DNA nucleoprotein condensates challenged with
8.3% 1,6-hexanediol or 1 M KCI. Condensates were assembled for 30 minutes before being challenged. (ii) Quantification data were normalized to the
mean of the control group. Data are shown as mean + SEM from three independent experiments. Statistical significance was determined using
one-way ANOVA with Dunnett's post hoc test. ***p < 0.001, ****p < 0.0001.
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mutations that modestly reduced DSB levels, meiotic gene
conversion, and crossovers. Lysine (K) or arginine (R) residues
were substituted with glutamic acid (E) in these mutant lines—
rec27-238 (K28E), rec27-239 (R32E), and rec27-240 (K36E),
with these K and R sites being closely spaced and conserved
in other Schizosaccharomyces spp. (Fig. SA). Consequently,
we surmised that these and neighboring positively-charged
residues of Rec27 (Fig. SA) contribute to the DNA bind-
ing activity of the MRR complex. Based on this specula-
tion, we mutated these putative DNA-interacting residues
(K28E, R32E, R33E, K35E, and K36E) and purified the re-
sulting mutant variant, hereafter referred to as the MRR-
SE complex. Of note, substituting the five negatively charged
amino acid residues resulted in a considerable decrease in
the electrophoretic mobility of the SE variant compared
to that of wild-type Rec27 (Fig. 5B). These protein com-
plexes were subjected to CD spectroscopy to exclude se-
vere structural alteration between wild-type MRR and the
MRR-5E complex. As shown in Supplementary Fig. S35,
the mutant complex has a global protein structure indis-
tinguishable from that of its wild-type counterpart. A mo-

bility shift assay indicated that these amino acid substitu-
tions yielded a mutant that was defective in DNA binding
(Fig. 5C).

Next, we endeavored to test condensate assembly using
this mutant variant. For the purified sftGFP-conjugated MRR-
SE complex (Supplementary Fig. S6A and B), no condensates
formed in the presence of duplex DNA, even with a protein
concentration four-fold higher (20 uM) than that used for the
wild-type MRR complex or, unexpectedly, even in the absence
of duplex DNA (Fig. 5D). We also conducted a TPM experi-
ment to test this mutant variant’s capability to compact DNA.
There was no significant difference in BM values between the
groups with or without the MRR-5E complex, even with a
protein concentration two-fold higher (2.64 uM) than that
used for the wild-type MRR complex or following 1-hour in-
cubation (Supplementary Fig. S7).

To determine if these point mutations in Rec27 affect S.
pombe meiotic recombination, we generated a mutant strain
that harbors the five substituted residues (5E) in Rec27 (rec27-
283) and analyzed its intragenic and intergenic (i.e., gene
conversion and crossover) recombinant frequencies and DSB
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formation at hotspots. Compared to wild-type cells, the fre-
quency of gene conversion at the ade6-M26 hotspot [63, 64]
was reduced 42-fold (ade6-M26 x 52) for the rec27-283
(S5E) line, and crossovers in the ade6-argl and ade6-ura4 in-
tervals were reduced by factors of 15 and 10 (Fig. 6A and
B, Supplementary Table S3), respectively, which are close to
rec27A levels.

Acting as a DSB hotspot-associated protein vital for mei-
otic recombination, such deficiency observed for the rec27-
283 (5E) mutant could be caused by a failure of DSB forma-
tion. Thus, we assayed DSB formation at several hotspots, in-
cluding the well-studied ade6-3049, mbs1, and mbs2 sites [48,
65]. Cells were induced to enter highly synchronous meio-
sis by inactivating the ATP analog-sensitive mutant of the
Patl protein kinase (patl-asl) in the rad50S mutant to ac-
cumulate meiotic DNA breaks [48, 66]. As shown in Fig.

6C and Supplementary Table S4, frequencies declined in par-
allel with the reductions in recombinant frequencies, and
they were almost abolished to rec27A levels at the tested
hotspots.

In addition, we observed the nuclear structure of LinE pro-
teins in the horsetail stage using structured illumination flu-
orescence microscopy. Rec25-GFP formed only a few punc-
tate foci in the rec27-283 (SE) line instead of the typical
elongated linear structures of wild-type cells (Fig. 6D). We
further treated wild-type and rec27-283 (SE) cells with 1,6-
hexanediol and observed the punctate foci of Rec25-GFP in
the cell nuclei. After treatment, Rec25-GFP in wild-type cells
lost its linear structure, whereas the punctate Rec25-GFP foci
in the rec27-283 (SE) cells remained (Supplementary Fig. S8),
indicating that the aberrant LinE structures in the rec27-283
(5E) mutant cells are not sensitive to 1,6-hexanediol.
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Figure 6. The rec27-283 (5E) mutant exhibits reduced meiotic recombination, DNA DSB frequency, and abnormal linear structures. (A-B) Frequencies of
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Notl-D and (iii) Notl-J regions on chromosome |. DSB frequencies of five hotspots in (ii) Notl-D [1-5] and two hotspots in (iii) Notl-J (mbsT and mbs2) are
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points. DNA was prepared, digested with (i) Pmel or (i and iii) Notl, and analyzed by gel electrophoresis and Southern blot hybridization with the

indicated DNA probes previously described [47]. (D) Rec25-GFP protein was observed in rec27-283 (5E) cells of h%’ (homothallic) strains using live-cell

superresolution fluorescence microscopy at 25°C. Hoechst 33342 stains nuclear DNA. Each image is representative of at least 20 cells examined.
Images show the maximal projection of the entire Z-stack of image sections. Dotted lines outline the cells. The scale bar is 2 um.
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Overall, these clustered missense mutations conferred de-
fects in both DNA-binding activity and condensate assembly
invitro. In vivo, they elicited defective meiotic DSB formation,
recombination, and LinE structures. These outcomes indicate
that the DNA-binding activity of the MRR complex is vital for
S. pombe DSB generation, and, in turn, it is likely that conden-
sate formation itself is essential for the biological functions of
the MRR complex.

Formation of the MRR complex is required for DNA
binding activity and condensate assembly

Based on the results of previous genetic research [8, 38] and
our current findings, we speculated that Rec27 might be the
predominant MRR subunit that binds duplex DNA. To an-
alyze the DNA binding ability of Rec27, we purified un-
tagged Rec27 according to an identical purification proto-
col as described above for the MRR complex (Fig. 1C and
Supplementary Fig. S6D, see also Materials and Methods).
Surprisingly, Rec27 did not bind the DNA substrates even at
a protein concentration four-fold higher (20 uM) than that
needed for the MRR complex to bind DNA (Fig. 7A). To fur-
ther clarify the role of DNA binding by the MRR complex, we
also purified Rec25 and Mug20 (Supplementary Fig. S6E) and
performed a mobility shift assay. Neither Rec25 nor Mug20
yielded mobility shifts compared to the wild-type MRR com-
plex (Fig. 7A). We reconstituted the protein complex by co-
incubating these three proteins, and it bound DNA substrates
in a mobility shift assay (Fig. 7B). Notably, we also purified
the rec27-283 (SE) mutant protein (Supplementary Fig. S6E)
as a negative control and repeated protein complex reconsti-
tution as for subsequent assays, yet no DNA binding by the
MRR-SE complex was observed (Fig. 7B, compare lanes 3—
6 with 7-10). Thus, Rec27 primarily accounts for the DNA
binding activity of the MRR complex, but Rec25 and Mug20
are also indispensable for the DNA binding activity of Rec27.
In parallel, regardless of the presence of duplex DNA, Rec27
alone did not assemble any condensates, even at high protein
concentrations (Fig. 7C), most likely due to disruption of the
multivalency arising from protein-protein interactions. Col-
lectively, our findings are evidence of the importance of the
MRR complex’s intactness and provide a feasible explanation
for the interdependency of these three proteins in vivo [8].

Discussion

LinE proteins—Mug20, Rec25, and Rec27—are enriched at
hotspots with unprecedented specificity and are required for
high-level DSB formation at most hotspots and meiotic recom-
bination in S. pombe [8]. Using our highly purified proteins,
we show that they form an intact complex that binds DNA
and forms phase-separated condensates. Our single-molecule
TPM analyses further reveal that these condensates signifi-
cantly compact DNA. Furthermore, individually, none of the
three proteins binds DNA or assembles condensates, under-
lining the importance of protein complex intactness and ex-
plaining the interdependency of these proteins.

During meiotic recombination, DSB formation at hotspots
needs to be strictly regulated, both numerically and spatially.
The activity of hotspots is limited via hotspot competition
since the DSB activity of a hotspot is reduced in the presence
of neighboring strong hotspots [49, 58, 59]. Previous studies
have proposed a DSB hotspot clustering model to explain the

molecular mechanism of hotspot competition and related in-
terference [40, 49], representing a long-standing and hotly de-
bated topic in meiosis. Our findings of MRR-dependent con-
densation provide fundamental support for this model from
biophysical and biochemical perspectives. This model suggests
that competition occurs during DSB formation, not during
loading of the protein complex at the hotspots, which might
be mediated by other factors, such as cohesin or condensin,
or by self-loading [40, 49]. In S. pombe meiotic cells, co-
hesin and condensin, respectively, form topologically associat-
ing domains (TADs) of 50-100 and 300-500 kb that are simi-
lar to the reported distance (~200 kb) of hotspot competition
[49, 67]. In the context of self-loading of the MRR complex,
proteins are nucleated in a microenvironment with poor diffu-
sion because of their low-dynamic material properties, leading
to local depletion of the complex, thereby reducing the proba-
bility of neighboring nucleation events. This proposed mecha-
nism is similar to that described for the Spo11-accessory pro-
teins Rec114-Mei4 and Mer2 in S. cerevisiae [68]. In either
scenario, following loading of the MRR complex, protein-
protein and protein-DNA multivalent interactions induce the
assembly of nucleoprotein condensates, which compact DNA
and cluster neighboring hotspots (Supplementary Fig. S9).
However, the factors that determine the preferential loading
sites of the MRR complex (e.g., sequence specificity, transcrip-
tion factors, or higher-order chromosomal structure [16-26])
remain to be determined. Overall, our findings provide im-
portant molecular insights into how these LinEs spatially and
numerically regulate DSB formation, though further investiga-
tions of the loading mechanism and the potential loader are
required.

Biomolecular condensates form interfaces with surround-
ing cytoplasm and cellular structures, such as membranes,
the cytoskeleton, and chromosomes. The resulting interfacial
tension, or capillary force, impacts the local mechanics, cel-
lular morphology, and organization of chromosomes [69].
There is a growing awareness of the importance of nuclear
condensate capillarity, such as how interfacial interactions
within transcription factor-chromatin condensates mediate
DNA remodeling [60, 69, 70], and how the forces generated
by meiosis-associated protein condensates on chromosomes
regulate the pattern of recombination events [71]. A recent
study revealed that a complex comprised of the C-terminus of
Rec114 and the N-terminus of Mei4 of S. cerevisiae (RM min-
imal complex) bridges multiple DNA duplexes and generates
forces that condense DNA through long-range interactions
[71]. Likewise, our single-molecule experiment has uncovered
MRR condensate-mediated DNA compaction (Fig. 4), which
might also arise from the capillary forces generated by the nu-
cleoprotein condensates. Therefore, we propose that the MRR
complex may be another example of reconciling condensate
capillarity with meiotic chromosome dynamics, which should
be further experimentally validated.

During prophase I, LinE proteins form two nuclear struc-
tures, i.e., punctate and linear structures, and undergo a
punctate-to-linear-to-punctate configurational transition that
was proposed to align with DSB formation, chromosome pair-
ing and DSB repair [72], before disassembling in advance of
the first meiotic division [34]. Disruption of the intracellular
linear structures by 1,6-hexanediol treatment indicates that
the phase separation property of the purified MRR complex
assessed herein not only contributes to hotspot activation but
also to chromosome pairing, which is governed by the synap-
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tonemal complex in most eukaryotes. Typically, synaptonemal
complex proteins self-assemble on chromosome axes and in-
teract with each other in a coiled-coil manner, forming a fila-
mentous and stable structure [73, 74]. Synaptonemal complex
proteins assemble with liquid crystalline properties in C. ele-
gans, S. cerevisiae, and the fruit fly Drosophila melanogaster
[37]. This relatively more stable and less dynamic state resem-
bles the material properties observed for the S. pombe MRR
complex (Supplementary Fig. S4A). Interestingly, we have re-
vealed the oligomeric nature of the MRR complex through
size exclusion chromatography (Supplementary Fig. S1B) and
predicted it to form a coiled-coil structure (Supplementary Fig.
$10). These findings support the view that synaptonemal com-
plex and LinE proteins display evolutionarily conserved struc-
tures, properties, and functions [27, 28].

The MRR complex functions with another LinE pro-
tein, Rec10, in meiotic recombination, which has been re-
ported previously to interact with Rec25 [29]. Compared with
the MRR complex, Rec10 binds chromosomes nearly uni-
formly, except for a modest preferential localization at strong
hotspots [8]. Loss of Rec10 causes abnormal LinE structure
formation of Mug20, Rec25, and Rec27, and it also abolishes
meiotic DSB formation and meiotic recombination, i.e., the
phenotype of the rec12A mutant [8, 30, 38, 75]. Furthermore,
a recent study demonstrated that Rec10 coordinates the nu-
clear entry of the MRR complex via its bipartite nuclear lo-
calization signal [76]. Interestingly, Hyppa et al. [40] observed

that both intragenic and intergenic recombinant frequencies at
an artificial hotspot (chromosomal lacO array with a Mug20-
NLS-Lacl fusion protein) were strongly reduced in the rec10A
strain, implying that Rec10 exerts an additional function at
DSB hotspots other than escorting the MRR complex into the
cell nucleus and perhaps localizing the MRR complex to a
hotspot. Therefore, the mechanistic role of Rec10 and how it
coordinates with the MRR complex in meiotic DSB formation
warrants further study. The protein purification procedures
and biochemical analyses developed herein should facilitate
future efforts to delineate the basis for the functional interac-
tions between Rec10 and the MRR complex.
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