bioRxiv preprint doi: https://doi.org/10.1101/2023.01.18.524603; this version posted January 18, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY 4.0 International license.

Structure and DNA bridging activity of the essential Rec114—Mei4 trimer interface

Kaixian Liu!, Emily M. Grasso?, Stephen Pu'*', Shixin Liu®, David Eliezer?, Scott Keeney'* *

! Molecular Biology Program, Memorial Sloan Kettering Cancer Center, New York, USA

2 Department of Biochemistry and Program in Structural Biology, Weill Cornell Medicine, New York, NY, USA
3 Laboratory of Nanoscale Biophysics and Biochemistry, The Rockefeller University, New York, NY, USA

4 Howard Hughes Medical Institute, Memorial Sloan Kettering Cancer Center, New York, USA

T Present address: Beagle Bioscience, New York NY USA
* Correspondence: s-keeney@ski.mskcc.org

The DNA double-strand breaks (DSBs) that initiate meiotic recom-
bination are formed by an evolutionarily conserved suite of factors
that includes Rec114 and Mei4 (RM), which regulate DSB formation
both spatially and temporally. Ir vivo, these proteins form large im-
munostaining foci that are integrated with higher order chromosome
structures. In vitro, they form a 2:1 heterotrimeric complex that
binds cooperatively to DNA to form large, dynamic condensates.
However, understanding of the atomic structures and dynamic DNA
binding properties of RM complexes is lacking. Here, we report a
structural model of a heterotrimeric complex of the C-terminus of
Rec114 with the N-terminus of Mei4, supported by nuclear magnetic
resonance experiments. This minimal complex, which lacks the pre-
dicted intrinsically disordered region of Rec114, is sufficient to bind
DNA and form condensates. Single-molecule experiments reveal that
the minimal complex can bridge two or more DNA duplexes and can
generate force to condense DNA through long-range interactions. Al-
phaFold2 predicts similar structural models for RM orthologs across
diverse taxa despite their low degree of sequence similarity. These
findings provide insight into the conserved networks of protein-pro-
tein and protein-DNA interactions that enable condensate formation
and promote formation of meiotic DSBs.

Introduction

Homologous recombination during meiosis promotes accurate chro-
mosome segregation and genetic diversification in most sexually repro-
ducing organisms. Meiotic recombination starts with DNA double-strand
breaks (DSBs) formed by Spol1 protein (related to archaeal topoisomer-
ase VI) plus a cohort of additional conserved factors (Keeney, 2008; Rob-
ert et al., 2016). Among these factors are Rec114 and Mei4, which are
essential for DSB formation but also regulate the number, timing, and
location of DSBs in many species (Henderson et al., 2006; Carballo et
al., 2013; Rosu et al., 2013; Stamper et al., 2013; Murakami and Keeney,
2014; Kumar et al., 2010, 2018; Papanikos et al., 2019; Boekhout et al.,
2019; Mu et al., 2020; Hinman et al., 2021; Claeys Bouuaert et al., 2021).

Rec114 and Mei4 from Saccharomyces cerevisiae form a 2:1 het-
erotrimeric complex in vitro and assemble cooperatively on DNA to form
dynamic nucleoprotein condensates (Claeys Bouuaert et al., 2021a;
Yadav and Claeys Bouuaert, 2021). In vivo, they associate early in mei-
otic prophase I with chromatin and form colocalized and interdependent
foci along chromosome axes in multiple species (Li et al., 2006; Maleki
et al., 2007; Panizza et al., 2011; Rosu et al., 2013; Stamper et al., 2013;
Kumar et al., 2010, 2018; Boekhout et al., 2019; Papanikos et al., 2019;
Hinman et al., 2021). Rec114-Mei4 (RM) complexes from different or-
ganisms interact directly with the meiotic TopoVI-like complex (Arora
et al., 2004; Maleki et al., 2007; Claeys Bouuaert et al., 2021; Hinman et
al., 2021; Vrielynck et al., 2021; Nore et al., 2022), but the molecular
mechanisms of RM function remain poorly understood.

Rec114 and Mei4 were first recognized to function as a unit in S.
cerevisiae (Arora et al., 2004; Li et al., 2006; Maleki et al., 2007). Their
homologs in non-fungal species were not identified until later because of
poor sequence conservation (Kumar et al., 2010). The Rec114 N terminus

contains six signature sequence motifs (SSMs) defined by remote homol-
ogy detection, plus a seventh SSM near the C terminus following a region
of predicted disorder (Fig. 1a) (Maleki et al., 2007; Kumar et al., 2010;
Tessé et al.,, 2017). X-ray crystallography of a fragment of mouse
REC114 showed that the N-terminal SSMs correspond to diverse second-
ary structure elements within a pleckstrin homology (PH) domain (Ku-
mar et al., 2018; Boekhout et al., 2019) that interacts with SPO11 partner
TOP6BL and with vertebrate-specific DSB regulator ANKRD31 (Boek-
hout et al., 2019; Nore et al., 2022). The C-terminal region of yeast
Rec114 (including SSM7) is sufficient to form a trimeric complex with
the N terminus of Mei4 (including the first two of Mei4’s six SSMs), and
this minimal complex is sufficient to bind DNA in an apparently se-
quence-nonspecific manner (Claeys Bouuaert et al., 2021a).

Aside from the structure of the mouse REC114 PH domain, there is
little empirical information about the molecular structures of these essen-
tial, conserved meiotic DSB factors. Understanding is also limited about
the DNA binding activities that support cooperative assembly of RM con-
densates. To address these issues, we examined the structures and bio-
physical properties of Rec114 and Mei4 using a combination of compu-
tational modeling, NMR spectroscopy, and bulk biochemical and single-
molecule experiments. We demonstrate an evolutionarily conserved
structure for the RM trimerization and DNA binding (TDB) domain, and
show that this minimal domain is sufficient to bind cooperatively to DNA
to form nucleoprotein condensates. We further uncover a DNA-bridging
activity of the RM-TDB domain that can bundle coaligned DNA mole-
cules.

Results

Predicted structure of the Recl14-Mei4 trimer interface

On the basis of crosslinking plus mass spectrometry, yeast two-hy-
brid analyses, and purification of truncated recombinant proteins ex-
pressed in Escherichia coli, we previously showed that residues 375428
of'yeast Rec114 (hereafter Rec114c¢) and 1-43 of Mei4 (Mei4n) form sta-
ble trimers (Maleki et al., 2007; Claeys Bouuaert et al., 2021). Armed
with this information, we used AlphaFold2 (Jumper et al., 2021; Mirdita
et al.,, 2022) to predict a structure of this complex (Fig. 1b and Fig.
sla,b). Residues 389-426 from each Recl14 segment are predicted to
form a twisted U shape consisting of three o helices (residues ~389-396,
399-407, and 409-426), with the two copies interlocking like a scissor
staircase. Mei4 residues 3—42 are predicted to form an L-shaped helix-
turn-helix: o-helix 1 (residues 3—29) is embraced by the Rec114 dimer
and lies along the dimer’s axis of rotational symmetry, while the shorter
Mei4 a-helix 2 (31-42) lies across a-helix 2 of one of the Rec114 pro-
tomers. DALI searches (Holm and Laakso, 2016) revealed no matches to
this structure.

The Recl14 dimer by itself is rotationally symmetric in the model
(RMSD 0.6 A for superimposition of the two copies of Recl 14359 426;
Fig. slc). Mei4 breaks this symmetry because different faces of its first
helix interact with the two Rec114 copies and because its second a helix
contacts only one of the Rec114 protomers (Fig. 1b). AlphaFold2 did not
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Recl114-Mei4 trimer interface

Fig. 1: Structural prediction for trimers of Rec114c and
Meidn. (a) Sequence-based secondary structure and dis-
order predictions (Methods) suggest that the C terminus
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generate a high-confidence prediction for Rec114 residues 375-388, pos-
sibly indicating that these are disordered (Fig. s1b).

Experimental validation of the computational structure model

We tested the AlphaFold2 model empirically by examining recom-
binant Rec114c—Meidn complexes purified after co-expression in E. coli
(Fig. 2a). Mei4y could not be purified separately, precluding reconstitu-
tion of the complex from separately expressed components. The far-UV
circular dichroism (CD) spectrum of Recl14c—Meidn trimers showed
characteristic minima at 208 and 222 nm typical for a-helical proteins
(Fig. 2b) (Greenfield, 2007).

Solution nuclear magnetic resonance (NMR) spectroscopy experi-
ments using the uniformly {!*N-13C}-labeled ternary complex showed
moderate peak dispersion in two-dimensional {'H-'*N} heteronuclear

of Rec114 and N terminus of Mei4 are ordered and pri-
marily a-helical. Numbered segments are the SSMs from
Kumar et al. (2010). (b) AlphaFold2 structure prediction
for a heterotrimer of Rec114c and Mei4n.

single quantum coherence (HSQC) spectra, consistent with expectations
for well-structured helical proteins (Fig. 2¢). Backbone chemical shifts
were assigned for residues 399—428 of Recl14¢ and residues 5-42 of
Meidy at pH 7.4 (Fig. s2 and Methods). Importantly, Rec114¢ exhibited
two sets of peaks corresponding to the two copies in the trimeric complex
(Fig. 2c¢ insets and Fig. s2a,b), consistent with the predicted asymmetry
between the Rec114¢ protomers.

Secondary structure prediction from chemical shifts using TALOS-
N (Shen and Bax, 2013) supported the AlphaFold2 predictions for helix-
turn-helix segments at residues 399-428 of both copies of Recl14¢ (a-
helices 2 and 3) and at residues 542 of Mei4y (Fig. 2d). Notably, Mei4n
residues 5—-13 were predicted to be fractionally helical, suggesting fray-
ing at the N-terminal end of the first Mei4x helix and consistent with the
lower confidence of the AlphaFold2 prediction for this region (Fig.
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Fig. 2: Spectroscopic analysis of Rec114c complexes with Mei4n. (a) SDS-PAGE of purified proteins. (b) CD spectra for Rec114c with or without co-

expressed Meidn. (c) Two-dimensional {'H-

N} HSQC spectrum of Rec114c—Mei4n complexes. Insets show examples of distinct peaks assigned to cog-

nate residues from the two Rec114c chains. (d) TALOS-N secondary structure analysis confirming helix-turn-helix segments in Rec114c and Mei4n. The
arrows above the plots show positions of helices predicted by AlphaFold2. Shaded regions are the turns highlighted in the AlphaFold2 model (insets).
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sla,b). No NMR signals were observed for Rec114¢ residues 386-398,
precluding assessment of their structure. The TALOS-N predictions were
corroborated by NOEs between consecutive amide protons in both
Rec114¢ and Meidy, consistent with expectations for helical structure
(Fig. s2).

Given the absence of NMR signals for Recl14c residues 385-398
and the fractional helicity of Mei4y residues 5-13, we examined the ef-
fects of truncating each construct. Removing 13 amino acids from the N-
terminus of Recl14¢ (Recl143g5.425) resulted in minimal spectroscopic
changes other than the elimination of a few peaks originating from the
very N terminus of Rec114c (Fig. s3a). In contrast, removing 24 residues
(Rec114399.428) resulted in substantial chemical shift perturbations, the
loss of several well-dispersed resonances, and broadened linewidths (Fig.
s3a), consistent with the loss of well-defined structure in the complex.
These truncations suggest that Rec114¢ residues 388—398, but not resi-
dues 375-387, are important for structural stability. Removing the first
12 residues of Meidn (Mei4i3.43) also resulted in minimal perturbations
in spectra (Fig. s3b). Together, these data indicate that residues 388—428
of Recl14 and 13-43 of Mei4 form the core structured unit of the
Rec114-Mei4 interface.

Given the importance of Recl14c residues 388—398 to complex sta-
bility, we sought conditions under which we could observe NMR signals
for this region. Lowering the pH, which slows amide proton exchange
with solvent (Matthew and Richards, 1983), resulted in the appearance of
anumber of new peaks with minimal perturbations elsewhere in the spec-
tra (Fig. s3c). Assignment of the minimal structured construct
(Rec1143g3.40s—Meidi3.43) at pH 6.1 revealed that these new peaks corre-
spond to residues 388-399 of Rec114c (Fig. s4a,c,e). TALOS-N second-
ary structure predictions for these constructs (Fig. s4b,d,f) showed that
truncation of both Rec114¢ and Mei4y had little effect on helical struc-
tures that had been evident in the longer construct. Surprisingly, no stable
secondary structure was predicted for the newly visible regions compris-
ing residues 388-399. Although the AlphaFold2 model indicates a-heli-
ces for Recl14 protomers at residues 391-394 or 388-396, the confi-
dence score for this prediction is low (Fig. s1a,b). Our data suggest that
despite its importance for the stability of the complex, this region does
not adopt stable helical structure in the absence of DNA at lower pH.
Altogether, these spectroscopic data are in good agreement with the Al-
phaFold2 model.

Although the Recl14¢ C-terminal region by itself can dimerize
(Claeys Bouuaert et al., 2021a), the CD spectrum of purified Recl14c
alone showed substantially diminished o-helical character, indicating
that it is less structured (Fig. 2b). In contrast to the ternary complex,
HSQC spectra of Rec114c¢ alone showed poor dispersion, with a limited
number of peaks of variable intensity (Fig. s5a). Purified Rec114c also
eluted as a broader peak compared with the ternary complex in size ex-
clusion chromatography (Fig. sSb). These findings suggest that Rec114¢
by itself is at least partly unfolded, suggesting in turn that interaction with
Meidy stabilizes the a-helical secondary structure of Rec114.

Structural insights into sequence conservation

The model accounts well for patterns of sequence conservation, with
the structural motifs elucidated in the model and our experimental data
corresponding to conserved elements. In Rec114, SSM7 comprises heli-
ces 2 and 3 plus the turn between them (Fig. 3a). In Mei4, SSM1 corre-
sponds to the stable second half of helix 1 plus a part of helix 2, while
SSM2 begins in helix 2 and extends two residues beyond the structured
domain analyzed here (Fig. 3a).

Many highly conserved residues are hydrophobic and contribute to
intermolecular interfaces in the model. F411 is nearly invariant in Rec114
orthologs (Fig. 3a) and contacts Mei4 residues W19 or 121 (Fig. 3b), the
equivalents of which are universally large hydrophobic residues (Fig.
3a). Similarly, W34 of Mei4 helix 2 contacts 1412 and V415 from one of
the Recl14 chains (Fig. s6a). W34 is the first residue in SSM2 and is

nearly invariant in Mei4 orthologs; V415 in Rec114 is also highly con-
served, while 1412 is more moderately conserved (Fig. 3a). Rec114 hel-
ices 2 and 3 are amphipathic, with conserved hydrophobic side chains
every 3—4 residues facing inward towards Mei4 (Fig. 3a,b). In contrast,
the conserved hydrophobic residues in helix 1 of Mei4 are not restricted
to just one face, appearing every 1-2 residues (Fig. 3a,b), consistent with
this helix being embraced by the two copies of Rec114. The model also
predicts a salt bridge between the nearly invariant E419 of Rec114 and
R29 in Mei4, which is nearly always a basic residue (Fig. 3a and Fig.
s6a).

Two-fold symmetric hydrophobic contacts between the Recl14
chains also contribute to the sequence conservation. 1402 and L406 from
helix 2 of each Rec114 copy pack against hydrophobic residues V418,
L422, and M425 from helix 3 of the other chain (Fig. s6b). These resi-
dues are highly conserved (Fig. 3a).

There are also a number of predicted interactions involving residues
that are less well-conserved, including salt bridges between Mei4 E16
and D18 and K405 from each Rec114 chain (Fig. 3¢) and hydrogen bonds
between Mei4 K41 and backbone carbonyl oxygens from L406 and K407
of one copy of Rec114 (Fig. s5a).

To further explore the correspondence between sequence conserva-
tion and structure, we generated AlphaFold2 models for trimeric RM
complexes from Schizosaccharomyces pombe, Mus musculus, Arabidop-
sis thaliana, and Caenorhabditis elegans (Fig. 3d and Fig. sé6c). For C.
elegans, we used the two Rec114 paralogs, DSB-1 and DSB-2 (Rosu et
al., 2013; Stamper et al., 2013). Consistent with an independent analysis
(Guo et al., 2022), the overall folds were similar and predicted with high
confidence scores: two copies of Rec114 form an approximately two-fold
symmetric interlocking set of helix-turn-helix motifs embracing an o he-
lix from Mei4. Alignment of the models for Rec114 SSM7 illustrates the
strong conservation of the helix boundaries and the relative orientation
between helices 2 and 3 (Fig. 3e). The nearly invariant phenylalanine
(budding yeast F411) occupies the same position after the turn between
these helices, highlighting its conserved role in Recl114-Mei4 complex
formation. Additionally, the R29—-E419 salt bridge is conserved in most
of the predicted structures other than plants (although this may be due to
the low confidence of that region in the predicted structure of plants (Fig.
$6¢)), and this salt bridge in worms is formed between DSB-2R!1* and
DSB-3M¢4 but would not be able to form with DSB-1R¢¢!14 which has an
arginine at the equivalent position to E419 (Fig. 3a).

Although the overall folds were similar, there were also substantial
differences, in keeping with the high degree of sequence variability be-
tween species that has been previously described (Keeney, 2008; Kumar
et al., 2010; Tessé et al., 2017). For example, the trajectory of the Mei4
turn and second helix and the nature of the interaction of that second helix
with Rec114 is markedly different between species (Fig. 3d). Addition-
ally, AlphaFold2 predicted an extra helix after SSM7 in both DSB-1 and
-2 from C. elegans, but not in other Rec114 orthologs examined (Fig.
3d). Therefore, unlike mouse and budding yeast Rec114 that use an N-
terminal helix, the C. elegans Rec114 orthologs use a C-terminal helix to
form a U-shaped helical pocket (Fig. 3d). Also, the poor prediction con-
fidence of the DSB-3 SSM2 region (pLDDT score in Fig. s6c¢) is con-
sistent with this segment being less well conserved (Hinman et al., 2021).

The RM-TDB domain is sufficient to form condensates with DNA

Recl14c—Meidn trimers are competent to bind pUC19 plasmid
DNA substrates, but under the electrophoretic mobility shift assay
(EMSA) conditions tested, they did not appear to be able to form conden-
sates (Claeys Bouuaert et al., 2021a). We therefore more fully character-
ized the DNA-binding activity of Recl14c—Meidy trimers (hereafter the
RM-TDB domain, for “trimerization and DNA-binding”).

In EMSAs with a 150-bp substrate, we observed at least two discrete
shifted species plus material trapped in the wells (Fig. 4a), indicating that
multiple protein complexes could bind to the same or multiple copies of
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Fig. 3: Structure and conservation of Rec114—Mei4 interactions. (a) Structure-informed alignment of Rec114 and Mei4 orthologs. Secondary structure
elements and SSMs are indicated. Conserved residues are highlighted in red, and conserved hydrophobic residues are labeled by asterisks. (b) Hydro-
phobic interactions at the Rec114c—Meidn interface. Hydrophobic residues are highlighted in red. (c) Predicted contacts between K405 from each Rec114c
chain and either E16 or D18 from Mei4n. (d) AlphaFold2 models of equivalent domains for Rec114 and Mei4 orthologs from S. pombe, M. musculus, A.
thaliana, C. elegans. (e) Structural alignment of SSM7 from Rec114 orthologs. The highly conserved phenylalanine is shown (F411 in S. cerevisiae).
Orange red, S. cerevisiae; cyan, S. pombe Rec7; purple, M. musculus REC114; green, A. thaliana PHS1/AtREC114; magenta, C. elegans DSB-2.

DNA. We cannot accurately estimate K4 values because we do not know
the stoichiometry of protein bound to DNA or the number of binding sites
per DNA molecule, so we compared binding to different substrates by
measuring the protein concentration that resulted in 50% of the DNA be-
ing bound (Csp). The RM-TDB domain showed roughly comparable abil-
ities to bind to linear DNA substrates of different lengths ranging from
80 to 1000 bp (Csp of ~80-100 nM), while binding to a 20-bp substrate
occurred with substantially lower apparent affinity (Cso of ~800 nM; Fig.
4a,b and Fig. s7a,b).

The apparent affinity for the 150-bp substrate was affected only
modestly if at all by including 50 additional amino acids from the IDR of
Rec114 and 47 additional residues from Mei4 (complexes of Rec1143s-
428 With Mei4;_o9) (Fig. 4b and Fig. s7¢,d). Binding was similar or iden-
tical with constructs lacking the structurally dispensable N-terminal res-
idues from the Rec114 fragment and Mei4 (complexes of Rec1143gs 428
with Mei43_43) (Fig. 4b). We conclude that the minimal folded RM-TDB
alone is sufficient to bind DNA, albeit with substantially lower affinity
than the full-length RM complex, which has Cso of 6 nM for 80-bp DNA
(Claeys Bouuaert et al., 2021a).

We visualized protein-DNA complexes using atomic force micros-
copy (AFM) and fluorescence confocal microscopy. At a concentration
of the RM-TDB domain (200 nM) above the Cso and in the presence of
supercoiled or relaxed circular plasmid DNA or 1000-bp linear DNA,
AFM showed large clusters with DNA emanating out from a dense core
(Fig. 4¢). In contrast, the protein alone at concentrations ranging from
200 nM to 2 uM formed only small, relatively homogeneous particles on
the mica surface (Fig. 4c and Fig. s7e). Clusters still formed in constructs
without residues 375-387 from Recl14c¢ (Fig. s7f).

Interestingly, although Rec114¢ alone bound to DNA with lower
apparent affinity than the RM-TDB domain (Cso in EMSAs of ~300-400
nM; Fig. s7g), it could still form nucleoprotein clusters in AFM experi-
ments at high concentration (Fig. s7h). Mei4y may contribute directly to
DNA binding and cooperative assembly, or may act primarily by stabi-
lizing the Rec114c fold.

When nucleoprotein assemblies were imaged by confocal micros-
copy of fluorescent RM-TDB domain and 1000-bp linear DNA, we ob-
served dense protein- and DNA-rich cores surrounded by halos that also
contained both protein and DNA, but at lower density (Fig. 4d). The
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Fig. 4: DNA binding and nucleoprotein condensate formation by the RM-TDB domain. (a) Representative EMSA of binding to a 150-bp DNA sub-
strate. (b) Comparison of DNA binding (150-bp substrate) by RM-TDB complexes composed of different fragments of Rec114 and Mei4. Error bars indicate
mean * range (two replicate experiments) or mean = SD (three replicates). Cso values were 90 + 20 nM (Rec114n—Mei41.90, mean + range); 90 + 30 nM
(Rec114c—Meidn, mean + SD); 110 £ 30 nM (Rec1143s6.42s—Meidn, mean + range). The EMSA for Rec1143ss-426—Meid13.43 was conducted once (Cso of ~100
nM). (c) AFM images of 200 nM Rec114c—Mei4n in the absence of DNA or presence of 1 ng/ul supercoiled pUC19 plasmid DNA, relaxed circular pHOT1
plasmid DNA, or 1000-bp linear DNA. (d) Confocal images of condensates formed by 450 nM fluorescently labeled (LD650) Rec114c—Mei4n and 25 nM
1000-bp Cy3-DNA. (e, f) Quantification of the radius of central cores (panel e) and thickness of haloes (panel f) of the condensates from confocal images
(N = 20). Dashed lines indicate the expected contour length of free DNA (0.383 um). (g) AFM images of 1 ng/ul 1000-bp linear DNA in the absence (top)
or presence (bottom) of 70 nM Rec114c—Meidn. Examples of DNA molecules with bound protein (dashed boxes) are shown in zoomed insets to the right.
(h) DNA contour lengths of free DNA (blue points) and protein-bound DNA (with N, indicating the number of protein particles per DNA molecule). Error
bars indicate mean + SD (free DNA, 358 + 16 nm (N = 474 DNA molecules); Np = 1 particle bound, 290 + 48 nm (N = 16 DNA molecules); N, = 2, 272 +
41 nm (N = 28 DNA molecules); Np = 3, 283 + 34 nm (N = 21 DNA molecules); Np > 3, 240 + 38 nm (N = 5 DNA molecules). The pairwise p values are

from unpaired two-tailed Student’s t-tests. The group p value for different numbers of protein particles bound is from a Kruskal-Wallis test.

dense cores (minimum radius 580 nm; median 940 nm) were larger than
the expected contour length of the DNA (383 nm) (Fig. 4e), indicating
that many copies of the DNA are interconnected to form the cores. The
thickness of the halos (median 657 nm) also typically exceeded the DNA
contour length (Fig. 4f), ruling out a simple model that the halos consist
solely of DNA molecules that have one end embedded in the core. In-
stead, we infer that the halos are also complex networks of protein-bound
DNA molecules, some of which are embedded in the core and some of
which are not. We note that these structures were imaged after immobi-
lization on a surface but were formed in solution, so these are likely to be
two-dimensional deformations of three-dimensional—presumably glob-
ular—structures.

These findings show that the minimal folded RM-TDB domain by
itself is capable of assembling cooperatively with DNA to form large
structures reminiscent of the nucleoprotein condensates formed by full-
length RM complexes (Claeys Bouuaert et al., 2021a). The critical con-
centration needed is considerably lower for the full-length proteins, how-
ever, which form condensates at RM concentrations as low as 12 nM un-
der otherwise similar conditions. Thus, while the regions of the proteins
outside of the RM-TDB are not strictly required, they clearly contribute
to the efficiency of condensation.

We also examined DNA binding by the RM-TDB domain at a lower

concentration (70 nM). No condensates were observed by AFM, but in-
stead we found numerous discrete particles that were located both at
DNA ends and interstitially (Fig. 4g and Fig. s7i). Both types of binding
event yielded similarly sized particles as well (Fig. s7j). The contour
length of the 1000-bp substrate was markedly shorter when bound by
protein (Fig. 4h), suggesting that binding of the RM-TDB domain com-
pacts the DNA. By comparing the volumes of free and protein-bound
DNA, we estimated that there were on average ~seven Recl14c—Meidn
trimers per binding site (Fig. s7k and Methods).

The RM-TDB domain reversibly bridges coaligned DNA molecules

To characterize the dynamics of DNA binding by the RM-TDB do-
main, we conducted single-molecule imaging experiments combining op-
tical trapping with scanning confocal microscopy in a laminar-flow mi-
crofluidic system (Renger et al., 2021; Leicher et al., 2022) (Fig. 5a).
RM-TDB was fluorescently labeled using the ybbR-Sfp system (Yin et
al., 2006; Wasserman et al., 2019), in which the bacterial phosphopan-
tetheinyl transferase Sfp covalently attached a single LD650 fluorophore
to a specific serine residue in the 11-residue ybbR peptide fused to the C-
terminus of Mei4y (Fig. s8a). EMSA and NMR analyses indicated that
the ybbR tag without the fluorophore does not affect the DNA-binding
activity or structure of RM-TDB (Fig. s8b,c), and DNA binding was also
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Fig. 5: Single-molecule fluorescence imaging of interactions of the RM-TDB domain with DNA. (a) Schematic of experimental setup (not to scale).
Streptavidin-coated beads, biotinylated 2-DNA and PBS buffer were separated by laminar flow in channel 1-3, respectively. After tether formation, beads
were moved to channels 4 or 5 for protein loading and imaging. The RM-TDB protein concentration in all C-trap experiments was 20 nM. (b) Bridging of
multiple tethered DNA duplexes by the RM-TDB domain. Arrows in insets indicate where separate DNA molecules branch apart, coinciding with the ends
of RM-TDB tracks. See also Supplemental Movie 1. (c) Dangling DNA bundled together with stretched tethers. Arrows indicate dangling A-DNA molecules
(i.e., attached to only one bead) that are initially stretched out by flow but become progressively coaligned with segments from the tethers connecting the
top pair of beads. Bundling of the dangling DNA with the tethers is coincident with extension of tracks of RM-TDB binding. Note that the single DNA tether
that connects the lower pair of beads did not acquire any coating by the RM-TDB. See also Supplemental Movie 2. (d,e) Quantification of protein dissoci-
ation rates (panel d) and representative example (panel e) of disassembly of protein-DNA bridges moved into a protein-free channel. Red arrows in panel
e indicate locations where the DNA molecules became separated. See also Supplemental Movie 3. Each point in panel d is a measurement from a single
bridge (N=7; example in Fig. s9b); error bars indicate SD. (f) Force-promoted reversal of the RM-TDB bridge assembly. As beads connected by bridged
tethers were pulled apart with increasing force, LD650 fluorescent signal decreased over time, indicating that RM-TDB was undergoing net dissociation
despite free protein remaining available in the channel. Segments of the coaligned DNA tethers became separated coincident with loss of protein binding.
The corresponding force-extension curve is plotted below. (g) Example kymograph of sudden focal binding of the RM-TDB domain (red arrow) to a
stretched tether. The waiting time is the interval between introduction of the beads to the protein channel and first appearance of the focus. The white
dashed lines indicate bead boundaries. See also Supplemental Movie 4. (h) Average change in protein fluorescence intensity over time for focal binding
events on stretched tethers (red, N = 4) or on dangling DNA (blue, N = 9). The fluorescence signal at each time point was normalized to the signal in the
first frame where binding of RM-TDB was detected (see Methods). Error bars indicate SD. (i) Accumulation of RM-TDB pulls dangling DNA against flow.
A representative example is shown of RM-TDB binding to the tip of a dangling A-DNA molecule bound to a single bead and stretched by flow. Over time,
the protein-bound tip of the dangling DNA retracted upward toward the bead as indicated by the dashed red dashed line. See also Supplemental Movie 5.

unaffected by the labeling reaction (Fig. s8b). We used either a dual-trap
or quadruple-trap system to capture one or two pairs of streptavidin-
coated polystyrene beads to which biotinylated bacteriophage lambda
DNA molecules could be bound and then moved into the channel con-
taining a mixture of unlabeled and fluorescently labeled RM-TDB for
visualization (Fig. Sa).

We observed a striking DNA-binding activity for the RM-TDB do-
main when a pair of beads tethered together by two or more DNA mole-
cules was moved into the protein channel. DNA segments that were al-
ready aligned were rapidly bound by RM-TDB complexes continuously
along the length of the aligned regions (Fig. Sb and Supplemental
Movie 1). With further incubation, additional RM-TDB protein

associated with the DNA, simultaneously lengthening both the stretches
of bound protein and the segments of aligned DNA (Fig. Sb).

DNA was not coated by protein when only a single lambda DNA
tether held together a pair of beads (bottom pair of beads in Fig. Sc and
Supplemental Movie 2), so we infer that the coaligned DNA stabilizes
this mode of binding. Supporting this conclusion, if we crossed the DNA
tethers between two pairs of beads, bridging frequently initiated at or near
the crossing point (21 of 23 trials; Fig. s9a). Because the crossing points
are expected to constrain and align the stretched tethers, the preferential
initiation of bridges at these locations indicates that the DNA configura-
tion contributes to stable protein binding.

When present, dangling DNA molecules (i.e., those that had both


https://doi.org/10.1101/2023.01.18.524603
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.01.18.524603; this version posted January 18, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY 4.0 International license.

REC114,
MEI4N¥:.5 kDa

kcal/(mol*e)

‘ 10

3
g «Wild type mouse REC114_-MEI4, (uM)
0 = b WR395A/K396A ®K417AK424A f ) o o
8 DK399A/R400A OKA03A/KA0TA Co0OoCrmT® 10
108% wells- T
2 2
c 1.0 3
3 Q0
£ S05
180° 5§05 $
g q g
r 0. O - 0.03
- 000 1000 2000 DNA 0 10 20 30
C trati M
Concentration (nM) oncentration (M)
¢ K417A/K424A y 9 without DNA supercoiled DNA

——500 nm

—— 500 nm T
0 nm 2

300 nm

mmmr] —— 300 nm

0 nm 2

Fig. 6: DNA-binding surface of the RM-TDB domain. (a) Electrostatic surface potential. The zoomed structural model highlights key positively charged
residues. (b) EMSAs of wild type and double-alanine substitutions (complexes of Rec1143ss.42s with Meidn). Error bars are mean + range from two experi-
ments. Cso values were 110 = 20 nM (wild type); 1000 + 50 nM (K403A/K407A); 900 + 100 nM (K417A/K424A). Both R395A/K396A and K399A/R400A
EMSAs were conducted once (Cso of ~1 uM and ~ 2 uM, respectively). (c) AFM images of DNA condensation by wild-type (500 nM) or K417A/424A mutant
(2 yM) RM-TDB domain (complexes of Rec114sss.428 with Mei4n). The 1000 bp DNA was at 1 ng/ul. The region in the dashed box is shown at higher
magnification to the right. (d) Electrostatic surface potential of the mouse RM-TDB domain. (e) SDS-PAGE of purified mouse RM-TDB domain. (f) EMSA
of mouse RM-TDB domain binding to a 150-bp DNA substrate. Error bars indicate mean + range from two experiments; binding was not saturated at 30
MM. (g) AFM imaging of 6 yM mouse RM-TDB domain in the absence (left) or presence (right) of 1.7 ng/ul supercoiled pUC19 plasmid DNA.

ends bound to only one bead) were progressively bundled together with
the stretched DNA tethers until no more DNA could be coaligned (Fig.
5c and Supplemental Movie 2). This bundling indicates that binding of
the RM-TDB domain can exert force to overcome the displacement of
the dangling DNA by the flow.

The protein dissociated rapidly when preassembled bundles were
moved to a protein-free channel (0.034 + 0.014 s°'; Fig. 5d,e, Fig. s9b,
and Supplemental Movie 3). Coincident with protein dissociation,
coaligned tethers came apart (Fig. Se). Protein binding could also be re-
versed by pulling the beads apart, which resulted in abrupt transitions in
force-extension curves (Fig. 5f), or by holding the traps in fixed position
with high initial tension on the tethers (Fig. s9¢). It is plausible that, be-
cause different DNA molecules are anchored at different places on the
beads, pulling the beads apart exerts tangential forces that pull the du-
plexes apart, leading in turn to unbundling and protein release.

We conclude that the RM-TDB domain has a bridging activity that
is able to bundle DNA molecules together reversibly. We further infer
that protein binding and coalignment of the DNA mutually reinforce one
another to promote cooperative assembly of nucleoprotein filaments.

DNA binding by large RM-TDB assemblies

Although we did not observe coating of single DNA duplexes by
RM-TDB (Fig. Sc¢), we did frequently observe the sudden appearance of
bright protein foci that then remained stably bound to their initial

locations on DNA tethers (Fig. Sg, Fig. s10a, and Supplemental Movie
4). Each focus contained multiple copies of the RM-TDB domain, as
judged by analysis of fluorescence intensity, and showed little or no in-
dication of coinciding with a spot of locally condensed DNA (Fig. s10b).
Moreover, fluorescence intensity was already maximal when a focus first
appeared, showing little or no evidence of net growth by addition of more
protein (Fig. Sg,h and Fig. s10b,c). When beads tethered by a protein-
bound DNA molecule were pulled apart at constant velocity, multiple
transitions in the force-extension curves could be detected (Fig. s10d,e,f),
suggesting that interactions between distinct DNA segments were dis-
rupted (Fig. s10d,e,f). We infer that these focal binding events reflect
capture by the DNA of rare, relatively large, pre-existing RM-TDB as-
semblies that can bind simultaneously to multiple segments along the
same DNA molecule. These assemblies may be nonspecific protein ag-
gregates, specific multiprotein complexes, or nucleoprotein condensates
formed on trace nucleic acid in the purified preparations.

More importantly, we observed a different mode of protein binding
on dangling DNA molecules in which relatively modest initial protein
fluorescence at the tip of the DNA increased in intensity over time, indi-
cating incorporation of new proteins over time (Fig. Sh,i, Fig. s10c, and
Supplemental Movie 5). Protein-bound DNA tips moved progressively
upward against flow toward the beads, coincident with the increase in
signal intensity (Fig. 5i, s10g). Tip binding could also occur coinci-
dentally with apparent bridging of the parallel arms of a single dangling
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DNA (Fig. s10g).

These findings with dangling DNA suggest that binding of the RM-
TDB domain can nucleate at or near positions where segments of a single
DNA duplex fold back in parallel, perhaps through bridging of the
coaligned stretches of DNA segments. This nucleation can then lead to
progressive accumulation of more protein and incorporation of more of
the unconstrained DNA. These nucleoprotein structures are able to exert
force on the DNA as they assemble, as indicated by their ability to pull
DNA up toward the bead against flow (Fig. Si). As this mode of binding
was not seen with extended DNA tethers, it suggests that the formation
and growth of these protein-DNA assemblies are fostered by the availa-
bility of the less constrained dangling DNA. These binding events thus
have properties expected for nucleation and growth of condensates that
are similar to those that form when the protein is allowed to assemble on
unconstrained DNA in solution.

Evolutionarily variable DNA-binding surface of the RM-TDB domain

We previously showed that DNA binding by full-length RM com-
plexes was compromised by alanine substitution of four basic residues
(R395, K396, K399, and R400) within the RM-TDB domain (Claeys
Bouuaert et al., 2021a). This “Rec114-4KR” mutant reduced binding to
an 80-bp DNA substrate by about 1.5-fold, diminished condensate for-
mation on plasmid substrates, attenuated formation of chromatin-bound
foci in vivo, and almost completely eliminated DSB formation during
meiosis.

Our model provides a structural framework for understanding how
these residues and others contribute to DNA binding. Overall, the surface
of the RM-TDB domain is highly positively charged because of symmet-
ric faces of the Recl14c¢ dimer that display outward-directed basic side
chains (Fig. 6a). Each face comprises the Rec114-4KR residues R395,
K396, K399, and R400 plus residues K403 and K407 from one Rec114¢
chain, along with residues K417 and K424 from the other chain (Fig. 6a).
K395 and K396 lie in the turn between helices 1 and 2; K399, R400,
K403, and K407 lie within helix 2; and K417 and K424 lie within helix
3 (Fig. 3a and Fig. 6a).

We tested the contributions of these residues to DNA binding by the
minimal RM-TDB domain using double alanine substitutions. Mutation
of K399/R400 substantially reduced the apparent affinity for a 150-bp
DNA substrate in EMSASs (Cso of ~2 uM; Fig. 6b and Fig. s11a). Muta-
tion of R395/K396, K403/K407 or K417/K424 also reduced binding, but
to a lesser extent (Cso between 500 nM and 1 uM). We also examined
condensate formation by AFM for the K417A/K424A mutant. Interest-
ingly, this mutant at 2 uM was still able to gather 1000-bp linear DNA
into large clusters, but with a less compact higher order structure of larger
radius and reduced height (Fig. 6¢ and Fig. s11b,c). These findings sug-
gest that electrostatic interactions are crucial for the RM-TDB domain to
assemble densely packed nucleoprotein cores.

Unlike the residues that contribute to protein-protein interactions
within the folded RM-TDB core, these outward-facing basic residues are
highly variable between Rec114 orthologs (Fig. 3a). Among the species
examined here, only the S. cerevisiae protein is predicted to have such a
strongly positive electrostatic surface potential (Fig. 6d and Fig. s11d).

Interestingly, the mouse RM-TDB domain is predicted to have an
overall negative surface potential, with only a few basic surface residues
(Fig. 6d). To test whether the mouse protein is able to bind and condense
DNA, we expressed and purified trimeric complexes of REC114 residues
203-259 (mREC114c) with MEI4 residues 1-42 (mMEI4y) (Fig. 6e and
Fig. sl1e). This protein complex bound to a 150-bp DNA substrate and
shifted it to the wells in EMSAs, but with much lower apparent affinity
than the yeast protein (Fig. 6f). By AFM, the mouse RM-TDB protein
appeared as fairly uniform, small particles in the absence of DNA, but
was also able to form nucleoprotein clusters when incubated with plasmid
DNA (Fig. 6g). We conclude that the DNA binding and condensation ac-
tivity is conserved in the mouse protein, albeit with substantial

Recl114-Mei4 trimer interface

differences in affinity and the details of the putative protein-DNA inter-
face.

Discussion

In this study, we focused on the minimal folded domain that forms
the core of the trimeric Rec114-Mei4 interface. Computational modeling
revealed a unique but evolutionarily conserved helical fold in which the
C-terminal segments from a pair of Rec114 proteins embrace one another
to form a roughly two-fold symmetric sleeve into which the first helix of
a helix-turn-helix segment from Mei4 inserts, breaking the symmetry.
We validated key predictions of the computational model by NMR ex-
periments on this minimal RM-TDB domain from S. cerevisiae.

This structure raises the question of how the complex is assembled
in vivo. Since Rec114 dimers can form readily without Mei4 and might
compete with the correctly assembled RM complex for binding to the
Spol1l core complex, a co-translational assembly mechanism might be
beneficial (Shiber et al., 2018). In fact, overexpression of Rec114 alone
results in dominant-negative inhibition of DSB formation (Bishop et al.,
1999), emphasizing the potential importance of forming stoichiometric
RM complexes.

Interfacial residues—particularly hydrophobic ones that contribute
to both homotypic and heterotypic intermolecular interactions—are the
principal contributors to the signatures of sequence conservation in these
parts of both proteins. Our findings thus provide a fine-grained molecular
framework for understanding the coevolution of these proteins, explain-
ing in turn how they often act as a single functional unit during meiotic
DSB formation (Li et al., 2006; Maleki et al., 2007; Kumar et al., 2018;
Hinman et al., 2021; Vrielynck et al., 2021). Nonetheless, it is remarkable
that many residues in this domain are highly variable between species.

The RM-TDB domain exhibits multiple DNA-binding modes dis-
tinguishable by experimental approach, including nucleoprotein conden-
sate formation (Fig. 4c,d and Fig. Si), bridging of coaligned DNA du-
plexes (Fig. Sb,¢), and formation of either small, discrete particles (Fig.
4¢) or large focal structures (Fig. 5g). As discussed below, we consider
it likely that these DNA-binding modes are functionally related and re-
veal specific characteristics that underlie the formation of higher order
DNA assemblies by the RM complex.

The minimal yeast RM-TDB domain was previously shown to bind
DNA, but unexpectedly we also found that it is sufficient to form higher
order nucleoprotein condensates in vitro. Although the full-length RM
complex is much more efficient at making condensates, our findings
point to the RM-TDB domain as an important basal module of conden-
sate formation. The mouse and yeast proteins share this property, albeit
with quantitatively very different abilities to support efficient condensa-
tion.

A critical factor for observing condensates appears to be the availa-
bility of long DNA substrates that are unconstrained (as in our AFM and
confocal studies of structures formed in solution before immobilization
on a surface) or minimally constrained (as with the dangling DNA in op-
tical trap experiments). Confocal microscopy uncovered an interesting
substructure of condensates in which a protein- and DNA-dense core is
surrounded by a less dense nucleoprotein meshwork. The biophysical dif-
ferences between these two zones are not currently clear, but previous
experiments indicated that RM condensates can transition to a more sta-
ble, possibly gel-like state over time. Thus, it is possible that these two
zones are related to differences between more sol-like vs. more gel-like
condensates made by the full-length proteins (Claeys Bouuaert et al.,
2021a).

In optical trap experiments, we observed progressive assembly of
nucleoprotein structures on dangling DNA that involved net accumula-
tion of protein concomitant with incorporation of additional DNA. It is
plausible that these assemblies are related to the condensates we observed
by AFM and confocal microscopy, possibly being equivalent to early dy-
namic steps in the formation of mature condensates.
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The DNA bridging activity we also observed in these single-mole-
cule experiments was particularly striking and unexpected. One defining
feature of this mode of binding is that at least one of the DNA duplexes
is physically constrained in an outstretched configuration. Although we
lack evidence that bridging also occurs within condensates, it is straight-
forward to infer that it does so and is in fact an important component of
the network of interactions that makes up a condensate. This is because
the same bridging interactions that give rise to linear nucleoprotein fila-
ments on stretched DNA would be expected to give a more complex
three-dimensional meshwork on minimally or unconstrained DNA in so-
lution.

Several properties of DNA bridging stand out, including its dynamic
nature (readily reversible with fast off rate); its formation of long, con-
tiguous stretches of coaligned DNA duplexes; its ability to bundle several
DNA duplexes; and its ability to apply force and in turn to be disrupted
by force. These properties, combined with the structure of the RM-TDB
domain, point to two further implications. First, the rotational symmetry
of the Rec114¢ dimer, with its potential to provide two nearly identical
DNA-binding faces, leads us to envision that the basal bridging unit may
be a single RM-TDB trimer. However, we cannot exclude that a dimer of
trimers or other higher order assembly is the base unit.

Second, we consider that a significant contributor to the cooperativ-
ity of DNA binding is the combination of DNA persistence length with a
bivalent DNA-binding protein. Supporting this idea, we concluded above
that protein binding and DNA coalignment mutually reinforce because
pre-aligning the DNA favors protein binding and, conversely, binding of
additional protein exerts force to align otherwise separate duplexes. This
type of cooperativity could be entirely independent of contacts between
adjacent bridging units (analogous to the ties on a railroad track), because
presence of a bridge increases the effective local concentration of an ad-
jacent protein binding site and reduces the entropic cost of forming an
adjacent bridge (Wiggins et al., 2009). Alternatively, cooperativity may
also be fostered by direct protein-protein interactions.

Protein-protein interactions might contribute to the formation of the
small clusters of RM-TDB proteins on single DNA duplexes observed by
AFM under sub-saturating conditions (Fig. 4g). These clusters are un-
likely to represent bridging of folded back duplex DNA because the in-
ternal binding events showed no evidence of the consistent sharp DNA
bends that would be expected for foldback events. Interestingly, however,
the shorter contour length of cluster-bound DNA suggests that the DNA
is condensed, possibly following a superhelical trajectory. Although the
relationship between these clusters and other modes of DNA binding is
unclear, we speculate that clusters may resemble the initial binding
events that lead to bridging, condensation, or both.

The nature is also unclear for the remaining mode of DNA binding
we observed, namely, the large RM-TDB foci that appeared suddenly on
DNA tethers in optical trap experiments. These foci were maximally
bright when they first appeared, bound stably to their initial binding sites,
did not appear to incorporate substantial amounts of condensed DNA,
and neither gained nor lost protein subunits at an appreciable rate. It thus
appears plausible that they are non-specific, preformed protein aggre-
gates, although we cannot exclude that these represent a rapid initial con-
densation within the imaging frame interval (which was typically a few
seconds) that is limited by the available slack in the DNA tether. Regard-
less of how these DNA-binding events arise, however, we infer that each
focus likely has multiple DNA binding interfaces because of their force-
sensitive ability to connect distant DNA segments on the same DNA mol-
ecule. Thus, these foci may provide insight into how large multivalent
RM assemblies could interact with DNA.

An important observation in our study is that most of these nucleo-
protein structures generate force that can reel in more DNA or bundle
DNA molecules together against opposing forces. Conversely (and by
necessity), interactions of the RM-TDB domain with DNA are modulated
by applied force. By extension, we infer that the more complex

condensates containing RM complexes and other proteins in vivo also
both respond to and impose force on chromatin. There is a growing ap-
preciation of the importance of capillary forces imposed by biomolecular
condensates (Gouveia et al., 2022), including forces on DNA from nu-
cleoprotein assemblies such as those made by transcription factors (Quail
etal., 2021; Renger et al., 2021; Nguyen et al., 2022).

During meiosis, mechanical stress on chromosomes has been pro-
posed to regulate the number and spatial patterning of recombination
events (Kleckner et al., 2004; Zhang et al., 2014). More recently, diffu-
sion-based coarsening models have been proposed to explain the pattern-
ing of meiotic crossovers ( Zhang et al., 2018; Morgan et al., 2021;
Haversat et al., 2022) and—via RM and Mer2 condensates—DSBs
(Claeys Bouuaert et al., 2021a). We therefore propose that the RM-TDB
domain, with its intrinsic force-generating and force-responsive proper-
ties, is a fundamental building block that organizes meiotic recombina-
tion and that may reconcile mechanical stress and coarsening models for
meiotic chromosome behavior.

Materials and Methods

Expression and purification of Recl14-Mei4 complexes

All yeast and mouse Recl14 and Mei4 constructs were cloned into a
pETDuet-based expression vector with a 6XHis-SUMO tag, except for Recl14c
alone, which was cloned into a pSMT3-based vector (Supplementary Table s1).
The plasmids were transformed into BL21(DE3) cells (Invitrogen) for overexpres-
sion. Purification of all constructs reported in this work followed the same proce-
dure. Typically, cells were induced with 1 mM isopropyl B-d-1-thiogalactopyra-
noside (IPTG) at an ODgoo of ~0.6—0.8 for 3—4 hours at 37 °C. The cells were lysed
by sonication in 25 mM HEPES-NaOH pH 7.4, 500 mM NaCl, 1x Complete pro-
tease inhibitor tablet (Roche) and 0.1 mM phenylmethanesulfonyl fluoride
(PMSF) and centrifuged at 5,000g for 10 min. Cleared extract was loaded onto 1
ml preequilibrated Cobalt resin (Thermo Scientific). The column was washed ex-
tensively with wash buffer (25 mM HEPES-NaOH pH 7.4, 500 mM NaCl, 5 mM
imidazole, 0.1 mM PMSF). The tagged complexes were then eluted in elution
buffer containing 200 mM imidazole. The elution was dialyzed in 25 mM HEPES-
NaOH pH 7.4, 200 mM NaCl overnight at 4 °C with ~0.1 mg/ml homemade Ulp1
to cleave off the His-SUMO tag. After dialysis, the sample was clarified and con-
centrated, then chromatographed on a Superdex 200 Increase 10/300 GL column
(Cytiva) preequilibrated in 25 mM HEPES-NaOH pH 7.4, 100 mM NaCl. The
fractions after size exclusion chromatography were checked by SDS-PAGE and
pooled. Protein concentration was determined by A280. Concentrations were cal-
culated on the basis of a 2:1 stoichiometry for trimeric complexes or on the basis
of a dimer of Rec114c only. Aliquots were frozen in liquid nitrogen and stored at
—80 °C.

For {"*N} or {""N-"*C} labeled samples, a single colony was inoculated in 5
ml Luria-Bertani (LB) liquid medium and grown at 37 °C for 6-8 hours, then the
culture was diluted 100-fold into 100 ml M9 minimal medium with '*N ammonium
chloride or with both '*'N ammonium chloride and "*C D-glucose from Cambridge
Isotopes and grown overnight at 37 °C. The overnight culture was then transferred
to 900 ml fresh M9 minimal medium and grown until ODeoo of ~0.6-0.8 before
IPTG induction. Remaining expression and purification procedures were the same
as for unlabeled samples.

Fluorescent labeling of the RM-TDB domain

Site-specific labeling was done as described previously (Wasserman et al.,
2019). Briefly, 1 uM of RM-TDB in which Mei4x has a C-terminal ybbR tag was
incubated with ~3 pM Sfp and 2 uM of CoA-LD650 in buffer HM (50 mM
HEPES-NaOH pH 7.4, 10 mM MgClL) at room temperature for 2 hours in a total
volume of 100 pl. The sample was then subjected to size exclusion chromatog-
raphy to remove Sfp and unincorporated dye. Aliquots were frozen in liquid nitro-
gen and stored at —80 °C.

NMR spectroscopy

Unless otherwise noted, NMR data were collected in 25 mM HEPES-NaOH
pH 7.4, 100 mM NaCl, 0.5 mM EDTA, 1 mM TCEP, 0.05% NaNj3 at 25 °C on a
Bruker Avance III spectrometer at the New York Structural Biology Center
(NYSBC). Recl 14c—Meidn was assigned using 600 pM uniformly {"*N-"*C} la-
beled protein at 800 MHz ('H) using non-uniformly sampled HNCACB,
CBCA(CO)NH, HNCA, HNCACO, HNCO, HN(COCA)NH, and H{CCCONH)-
TOCSY. NOESY-HSQC data were collected using Tmix = 100 ms. Assignments
from Recl14c Meidn were transferred directl?/ to Rec1143ss-42s—Mei4n spectra and
corroborated using 408 pM uniformly {'*N-"C} labeled protein at 25 °C at 700
MHz ('H) using non-uniformly sampled HNCACB, HNCA, HNCACO, HNCO,
HN(COCA)NH, and H{CCCONH)-TOCSY. Rec1 143g3.423—Mei4 1343 was assigned
using 470 uM uniformly {"*N-"C} labeled protein in 25 mM NaHPOs, pH 6.1,
100 mM NaCl, 0.5 mM EDTA, 1 mM TCEP, 0.05% NaNs, 5% D20 at 800 MHz
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('"H) using non-uniformly sampled HNCACB, CBCA(CO)NH, HNCA,
HNCACO, HNCO, and HN(COCA)NH. Spectra for isolated Recl14375.428 were
collected using 100 uM protein at 500 MHz (‘"H) (Weill Cornell NMR Core). All
spectra were processed using NMRpipe (Delaglio et al., 1995) and reconstructed
using SMILE-NMR (Ying et al., 2017) on NMRbox (Maciejewski et al., 2017).
Data were analyzed using NMRFAM-sparky (Lee et al., 2015). TALOS-N was
used to generate secondary structure predictions (Shen and Bax, 2013).

CD spectroscopy

CD spectra were collected using an AVIV Biomedical Model 410 CD Spec-
trometer. Spectra were collected at 25 °C using one nm wavelength steps going
from 300 nm to 190 nm. Each spectrum was collected using a two-minute temper-
ature equilibration and one scan for each step with a 5 second averaging time using
0.2 mm path length plates. The concentrations for Recl14c-Meidn and Recl14c
alone were 30 uM and 100 pM, respectively.

Bioinformatic analysis

We used IUPRED3 (Erdos et al., 2021) and ANCHOR (Dosztanyi et al.,
2009) to predict protein disorder. Sequence-based secondary structure prediction
was done via PSIPRED 4.0 (Buchan and Jones, 2019). The multiple sequence
alignment (MSA) was performed using the MAFFT 7 online server with FFT-NS-
2 option (Katoh et al., 2019). The sequence and secondary structural conservation
rendering figure was generated by Espript 3.0 (Robert and Gouet, 2014).

The structural models were generated by ColabFold (Mirdita et al., 2022)
with a python Jupyter notebook:

https://colab.research.google.com/github/sokrypton/ColabFold/blob/main/beta/AlphaFold2 _ad-
vanced.ipynb
MSA was generated using mmseqs2 (Steinegger 2017). The default pair MSA and
filter options were used to generate five models with the highest pLDDT scores.
These models are highly similar to each other and the one with the highest score
was selected for subsequent analyses.

DNA substrates and EMSAs

Short linear DNA substrates were generated by annealing complementary
oligonucleotides (sequences listed in Supplementary Table s2). The substrates
were the following (with oligo names in parentheses): dsSDNA20 (KL020 and
KLO021), dsDNAS80 (KL024 and KL025). Oligos were mixed in equimolar con-
centrations (10 pM) in STE (100 mM NaCl, 10 mM Tris-HCl pH 8, | mM EDTA),
heated and slowly cooled on a PCR thermocycler (98 °C for 3 min, 75 °C for 1 h,
65 °C for 1 h, 37 °C for 30 min, 25 °C for 10 min).

Larger linear substrates were prepared by PCR amplification of a lambda
DNA template (New England Biology). Substrates were as follows: 150 bp
(KL001 and KL003), 1,000 bp (KL001 and KL004). Fluorescently labelled sub-
strates were prepared by PCR amplification of lambda as follows: Cy3-1000 bp
(KL001 and KL010). PCR products were purified by agarose gel electrophoresis.

Binding reactions (10 pl) were carried out in 25 mM Tris-HCI pH 7.4, 100
mM NaCl. Unless stated otherwise, reactions contained 5 ng substrate and the in-
dicated concentration of protein. Complexes were assembled for 20 min at room
temperature and separated on 6% DNA retardation gels (Thermo Fisher scientific)
at 200 V for 1-2 h. Gels were stained with SYBR safe (Invitrogen) and scanned
using a ChemiDoc Imaging System (Bio-Rad). We quantified apparent affinities
from protein titration EMSA experiments by linear interpolation as the concentra-
tion of protein at which 50% of the substrate was bound (referred to as the Cso).
Because we do not know the stoichiometry of protein-bound DNA or the number
of protein binding sites per DNA molecule, these are only rough approximations
of true Kq values and are used to provide a means of comparison between different
DNA binding experiments.

AFM imaging

For AFM imaging, protein complexes were diluted to the indicated concen-
tration (70 nM to 6 uM) in the presence of ~1 ng/ul of different DNA substrates
in 25 mM HEPES-NaOH pH 7.4, 5 mM MgCl,, 50 mM NaCl, 10% glycerol. Com-
plexes were assembled at room temperature for 30 min. A volume of 40 pl of the
protein—-DNA binding reaction was deposited onto freshly cleaved mica (SP1) for
2 min. The sample was rinsed with 10 ml ultrapure deionized water and the surface
was dried using a stream of nitrogen. AFM images were captured using an Asylum
Research MFP-3D-BIO (Oxford Instruments) microscope in tapping mode at
room temperature. An Olympus AC240TS-R3 AFM probe with resonance fre-
quencies of approximately 70 kHz and spring constant of approximately 1.7 N/m
was used for imaging. Images were collected at a speed of 0.5—-1 Hz with a reso-
lution of ~1 nm/pixel.

For the experiments at low protein concentration (70 nM), we used a
MATLAB (2021b) script to trace the DNA and determine the contour length.
Briefly, the DNA molecule boundaries were determined by the bwboundaries.m
function. The contour of each DNA molecule was further determined by the
bwskel.m function to measure the contour length. For complex DNA molecules
with multiple RM binding sites, the bwmorph.m function was used to determine
the branch points and different binding segments. Contour length was then meas-
ured for each segment. All contour length measurements were manually checked
by ImageJ (Schneider et al., 2012).

For volume measurement, boundaries (B) were first determined for each
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DNA molecule as described above. The volume was then defined by: V = rx
Ty * (Xpes(hy — hyp)), where rx and 1y are the resolution of each pixel, h, is the
height of each pixel within the boundaries B, and h,, is the average height of the
background.

To estimate the number of RM-TDB proteins bound, an average protein den-
sity of 1.44 g/cm® was used (Fischer et al., 2009; Bouuaert et al., 2020). For a
single RM-TDB domain, the volume V;, was estimated to be ~20.7 nm* and there
was an average of 2.2 particles per DNA molecule (N, in Fig. 4h). The average
volume difference (Va) between in the absence and presence of RM-TDB was 303

nm?, so the average number of RM-TDB bound was estimated as VpeNp® which is
6.7. )

Scanning confocal microscopy

Reactions (20 pl) of 450 nM Recl14c—Meidn-LD650 mixed with 25 nM
Cy3-1000 bp linear DNA in 25 mM HEPES-NaOH pH 7.4, 100 mM NaCl were
incubated at room temperature for 10 min and deposited onto the surface of a co-
verslip. The confocal image data were collected with a LUMICKS C-trap instru-
ment using 532 nm and 638 nm lasers to excite the Cy3 and LD650 dyes, respec-
tively. Two-dimensional scan movies were recorded by BlueLake software
(LUMICKS) at roughly ~200 ps/pixel and 100 nm/pixel resolution.

Confocal images were split into LD650 (protein) and Cy3 (DNA) channels
and analyzed separately. The sizes of the whole condensates and of just the dense
core were determined by ImageJ using thresholding. The radius of the core was
then determined simply by A = 2, where A is the area of the core and r is the
radius. The core radii were similar in the two channels, so only the protein channel
data were reported.

To determine the thickness of the halo structure, we used a custom
MATLAB script. Briefly, the boundaries of the cores and the whole condensates
were determined by thresholding. The center of the core was also determined. A
series of lines at 10° angles were then drawn starting from the center point. The
halo thickness along each line was determined and then averaged for a given con-
densate to generate each data point in Fig. 4f.

Single-molecule optical trap experiments: data acquisition

Single-molecule experiments were conducted at room temperature on a
LUMICKS C-Trap instrument combining three-color confocal fluorescence mi-
croscopy with quadruple-trap optical tweezers. Laminar flow separated channels
1-3, which were used to form DNA tethers between 4.89-pum streptavidin-coated
polystyrene beads (Spherotech) held in traps with a stiffness of ~0.3 pN/nm. Under
constant flow, a single bead was caught in each trap in channel 1. The traps were
then quickly moved to channel 2 containing the biotinylated lambda DNA
(LUMICKS). By moving one trap against the direction of flow but toward the
other trap, and vice versa, a DNA tether could be formed and detected via a change
in the force-distance (FD) curve. The traps were then moved to channel 3 contain-
ing only PBS buffer for force calibration without flow, and the presence of a single
DNA was verified by the FD curve. Orthogonal channels 4 and 5 served as protein
loading and/or experimental imaging chambers as described for each assay. The
flow was turned on to visualize binding of the RM-TDB domain. SYTOX Orange
and LD650 were excited by two laser lines at 532 nm and 638 nm, respectively.
The imaging buffer condition was 25 mM HEPES-NaOH, pH 7.4, 50 mM NacCl,
5 mM MgCl,, 10% glycerol and 5 nM SYTOX Orange if not specified otherwise.
The RM-TDB domain concentration in all experiments shown here was 20 nM.

For experiments with multiple DNA tethers and/or dangling DNA, extra
waiting time was spent in channel 2 to allow more biotinylated lambda DNA mol-
ecules to bind to the bead surface. To generate crossed DNA, a LUMICKS Q-trap
system was utilized. Briefly, four individual 4.89-pm streptavidin-coated polysty-
rene beads were trapped by four laser traps in channel 1. The trap stiffness was
kept the same as above. The traps were then moved to channel 2 to catch biotinyl-
ated lambda DNA. The first pair of beads were trapped by Trap 1 and Trap 2 to
catch the first DNA tether and left > 10 pm apart to prevent more tethers forming.
The second pair of beads were trapped by Trap 3 and Trap 4 to catch the second
tether. The traps were then moved to channel 3 to verify the DNA. To achieve
single DNA tether, the DNA was held at ~60 pN for some period of time until only
single tether was left, which was characterized by the FD curve. A script was used
to generate the crossed DNA configuration at channel 3. The data were recorded
by BlueLake software (LUMICKS).

Single-molecule experiments: data analysis

The C-trap fluorescence data were processed and visualized by ImageJ and
custom python scripts based on Pylake package (v0.13.0) provided by LUMICKS.
The line tracking was performed using the track greedy function from the Pylake
package. Waiting time was extracted manually based on the starting time point of
the binding from two-dimensional scan movies. The fluorescence images were
visualized and exported by Imagel.

For extraction of mean photon counts, raw data of two-dimensional scans
were exported by Pylake as .tiff files and analyzed in MATLAB. A region of in-
terest (ROI) box was drawn manually to include extract photon counts of the re-
gion, and mean photon counts of the ROI were determined by averaging the pho-
ton counts per pixel. The same size boxes were applied to the same movie. The
normalized mean intensity is ratio of the mean photon count per pixel for each
frame to the mean photon count per pixel for the first frame (t = 0). Dissociation
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rates were determined by fitting the mean photon counts to a single exponential
curve.

Code Availability
Custom MATLAB scripts are available online at:
https://github.com/kliu39/RM-paper.
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