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Abstract

Interhomolog recombination in meiosis requires a meiosis-specific recombinase, Dmc1. In Saccharomyces cerevisiae, the Mei5-Sae3 complex
facilitates the loading of Dmc1 onto the replication protein A (RPA)-coated single-stranded DNA (ssDNA) to form nucleoprotein filaments. /n vivo,
Dmc1 and Mei5-Sae3 are interdependent in their colocalization on the chromosomes. However, the mechanistic role of Mei5—Sae3 in mediat-
ing Dmc1 activity remains unclear. We used single-molecule fluorescence resonance energy transfer and colocalization single-molecule spec-
troscopy experiments to elucidate how Mei5-Sae3 stimulates Dmc1 assembly on ssDNA and RPA-coated ssDNA. We showed that Mei5—Sae3
stabilized Dmc1 nucleating clusters with two to three molecules on naked DNA by preferentially reducing Dmc1 dissociation rates. Mei5—Sae3
also stimulated Dmc1 assembly on RPA-coated DNA. Using green fluorescent protein-labeled RPA, we showed the coexistence of an interme-
diate with Dmc1 and RPA on ssDNA before RPA dissociation. Moreover, the displacement efficiency of RPA depended on Dmc1 concentration,
and its dependence was positively correlated with the stability of Dmc1 clusters on short ssDNA. These findings suggest a molecular model
that Mei5-Sae3 mediates Dmc1 binding on RPA-coated ssDNA by stabilizing Dmc1 nucleating clusters, thus altering RPA dynamics on DNA to
promote RPA dissociation.
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Introduction otic recombination (2). In Saccharomyces cerevisiae meiosis,

Meiotic recombination generates genetic diversity and pro- programmed DNA double-strand breaks (DSBs) are formed

motes proper chromosomal segregation of parental chromo-
somes. Homology search and strand exchange between ho-
mologous DNAs, critical for crossing over in meiosis (1), re-
quire a set of recombinases polymerized on single-stranded
DNAs (ssDNAs) called the nucleoprotein filament. For most
eukaryotes, meiosis-specific Dmc1 plays a pivotal role in mei-

by Spol1 and other proteins and are followed by nucleolytic
processing to generate 3'-ssDNA tails (3). Assembly of Dmc1
onto these ssDNAs to form nucleoprotein filaments is essen-
tial and subject to various regulations (1,4,5).

Once formed, ssDNA overhangs are rapidly bound by the
abundant high-affinity ssDNA binding protein, replication
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protein A (RPA), to protect these ssDNAs from nucleolytic
degradation or formation of the higher-order DNA structures
(6=8). Saccharomyces cerevisiae RPA, composed of Rfal, Rfa2
and Rfa3, coordinates various aspects of DNA metabolisms
(9,10). RPA contains multiple Oligonucleotide-Binding (OB)
domains interacting with ssDNA of different binding affini-
ties, and dynamic DNA binding of these OB domains is es-
sential for its functions (11,12). Among other functions, RPA
serves as a structural moiety for the assembly of downstream
reactions (9), such as the formation of nucleoprotein filament
of recombinases, including Dmec1. For recombinase assembly,
RPA-coated ssDNA substrates are distinct from bare ssDNA
substrates due to RPA’s high affinity for ssDNA; therefore,
recombination mediator proteins are required for the bind-
ing of recombinases onto RPA-coated ssDNA (13-16). For
meiosis-specific Dmc1, the MeiS and Sae3 protein complex
functions as a mediator (17,18). Mei5, Sae3 and Dmc1 are
mutually dependent on their chromosome associations (17).
Like the dmc1 deletion mutant, the deletion of mei5 or sae3
results in the impaired formation of immunostained foci of
Dmcl with the accumulation of unrepaired DSBs (17,19).
Mei5 and Sae3 physically interact with each other and form
a heterodimeric complex (17,20,21). Mei5—Sae3 assists Dmc1
assembly on RPA-coated ssDNA and relieves RPA inhibition
for Dmc1-mediated D (displacement)-loop formation (20).
It is also known that Mei5—Sae3 functionally interacts with
other accessory factors, Rad51, Rdh54 and Hop2-Mnd1, to
promote an optimal Dmc1-mediated D-loop formation (22).
Although cooperative Dmc1 stimulation by Mei5-Sae3 and
other copartners is observed, mechanistic regulation of Mei5—
Sae3 in Dmc1-mediated recombination and the alleviation of
RPA-mediated suppression of Dmc1 assembly are still unclear.

For recombinases to gain access to RPA-coated ssDNA, me-
diators could function by two different mechanisms. The first
requires a ‘mediator—RPA interaction’ in which the mediators
interact with RPA to reduce its affinity with ssDNA, result-
ing in RPA dissociation and making ssDNA available for re-
combinase binding. Demonstrated mediators for this general
‘mediator-RPA interaction’ mechanism include yeast Rad52
(23,24) and human Shu complex (235). The alternative mecha-
nism uses a ‘mediator-recombinase interaction’ in which me-
diators interact with recombinases and allow efficient recom-
binase assembly. BRCA2 (26,27) has been implicated in this
type of mechanism. However, evidence to directly link effi-
cient recombinase cluster assembly and RPA displacement is
limited.

In addition to mediators, previous biochemical studies
showed that yeast and human Dmc1 require calcium ions for
efficient D-loop formation (28-31). It was thought that cal-
cium ions inhibit DNA-dependent ATP hydrolysis by Dmcl
and promote the assembly of Dmc1 filaments on ssDNA by
suppressing Dmc1 dissociation (29). Surprisingly, it was re-
ported that only in reactions with RPA, Mei5—Sae3 promotes
Dmc1-mediated D-loop formation exclusively in the presence
of calcium ions but not magnesium (20). Given that Mei5—
Sae3 was reported to exhibit limited stimulation for Dmc1-
catalyzed D-loop formation (17,20,21), whether Mei5-Sae3
by itself stimulates Dmc1 activities in D-loop, strand exchange
or filament assembly in the absence of RPA and calcium ions
remains uncharacterized.

In this study, we used S. cerevisiae proteins of high purity
to reconstitute the molecular recombination reactions in vitro.
We found that Mei5-Sae3 stimulates Dmc1 filament assem-
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bly and DNA strand exchange, even in the absence of RPA,
suggesting its direct regulation on Dmc1 by Mei5-Sae3. Also,
Mei5-Sae3 was shown to stabilize Dmc1 nucleating clusters
by preferentially preventing Dmc1 dissociation. Surprisingly,
Mei5-Sae3 alone mediates Dmc1 assembly on RPA-coated ss-
DNA without calcium ions. In the combined fluorescence res-
onance energy transfer (FRET) and fluorescence colocaliza-
tion experiments, we showed that Dmc1 binds to RPA-coated
ssDNA before the dissociation of the green fluorescent protein
(GFP)-labeled RPA. These findings demonstrated the need for
stabilized Dmc1 clusters with two to three Dmc1 molecules
during nucleation for efficient assembly on RPA-coated ss-
DNA. Our studies reveal the mechanistic explanation of how
the Mei5-Sae3 mediator stimulates Dmc1 assembly on RPA-
coated ssDNA. This study provides a molecular mechanism
that explains how a mediator-recombinase interaction can
stimulate recombinase assembly on RPA-coated ssDNA.

Materials and methods

DNA substrates

The oligonucleotides for the strand-exchange assay (Oligo 1,
Oligo 2 and Oligo 3) and nuclease protection assay (Oligo
1) were prepared as previously described (32). The oligonu-
cleotide Oligo 4 for D-loop formation and DNA mobility
shift assay was derived and purchased with Cy$5 labeled at 5’
end as described (32,33). The oligonucleotides for the single-
molecule FRET (smFRET) assay (F1-F7) were derived as pre-
viously described (34). All oligo sequences and compositions
are listed in Supplementary Table S1.

Protein expression

The pET21a plasmid carrying S. cerevisiae Mei5—-Sae3 was de-
rived as previously described (17). Escherichia coli cells [strain
BL21(DE3)pLysS] harboring Mei5—Sae3 expression plasmid
were cultured in Luria broth at 37°C until the Agyo value
reached 0.6, at which point 1 mM isopropyl-1-thio-B-D-
galactopyranoside (IPTG) was added to induce the protein
expression for an additional 2 h at 37°C. The cell extract
containing Mei5-Sae3 was harvested for the purification step.
The expression procedure of S. cerevisiae RPA was modified
from the previously described method (35). Briefly, E. coli cells
[strain Rosetta2(DE3)pLysS] harboring p11d-tscRPA plasmid
were cultured in Yeast Extract Tryptone medium at 37°C until
the Agpo value reached 0.6. At that point, 0.25 mM IPTG was
added to induce the protein expression for an additional 20 h
at 16°C. The cell extract containing RPA was harvested for the
purification step. The expression of GFP-tagged S. cerevisiae
RPA was followed as described earlier.

Protein purification

All purification steps were carried out at 4°C. The MeiS—
Sae3 purification was modified from the previously described
method (17). The 45 g cell pellet was resuspended in 250 ml
buffer A [25 mM Tris—-HCI, pH 7.5, 10% glycerol, 0.5 mM
ethylenediaminetetraacetic acid (EDTA), 0.01% Igepal, 1 mM
B-mercaptoethanol] containing 300 mM KCl and protease in-
hibitors (aprotinin, chymostatin, leupeptin and pepstatin A at
2 ug/ml each, 0.1 mM phenylmethylsulfonyl fluoride and 1
mM benzamidine). The cell suspension was sonicated and cen-
trifuged (100 000 x g for 1 h) to obtain the clarified lysate.
To remove nucleic acids (36), polyethyleneimine was slowly
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added to the lysate by stirring until 0.3% for 1 h and then
centrifuged to collect the supernatant containing Mei5-Sae3.
Then, Mei5-Sae3 was precipitated with ammonium sulfate by
stirring until 50% for 1 h, and the precipitate was dissolved
in buffer B (20 mM K,;HPO4, pH 7.5, 10% glycerol, 0.5 mM
EDTA, 0.01% Igepal, 1 mM B-mercaptoethanol) containing
50 mM KCI. The dissolved fraction containing Mei5-Sae3
was resolved by SP Sepharose using a 135 ml gradient of 97.5-
620 mM KCl in buffer B. The Mei5—Sae3 containing fractions
were pooled and developed by Q Sepharose using a 90 ml gra-
dient of 97.5-430 mM KCl in buffer A. The Mei5-Sae3 con-
taining fractions were pooled and further developed by Hi-
Trap Heparin (Cytiva) using a 30 ml gradient of 145-620 mM
KCl in buffer A. Finally, the Mei5-Sae3 containing fractions
were pooled and dialyzed with buffer A containing 300 mM
KCl in an Ultracel-10K concentrator (Millipore). The protein
was divided into small aliquots, subjected to N freezing and
stored at —80°C. Aliquots were qualified by the Bradford pro-
tein assay (Bio-Rad) and Coomassie blue staining.

Tag-free S. cerevisiae Dmc1 was purified as previously de-
scribed (37,38). Also, S. cerevisiae RPA was purified as pre-
viously described (35). GFP-tagged (eGFP) RPA was puri-
fied as previously described with some modifications (39).
Briefly, the development of GFP-tagged RPA in Ni-NTA and
Q Sepharose was followed. To remove the excess GFP-tagged
Rfa2, the fraction was further developed by Superdex 200
Increase 10/300 GL (Cytiva) in the developing buffer C (20
mM Tris-HCI, pH 8.0, 300 mM NacCl, 10% glycerol, 1 mM
EDTA, 0.01% Igepal, 1 mM R-mercaptoethanol). Finally, the
GFP-tagged RPA-containing fractions were concentrated in
an Ultracel-10K concentrator (Millipore). The protein was di-
vided into small aliquots, subjected to N freezing and stored
at —80°C. Aliquots were qualified by the Bradford protein as-
say (Bio-Rad) and Coomassie blue staining.

DNA strand-exchange assay

The 80-mer Oligo 1 (4.8 uM nucleotides) was incubated with
Dmcl protein (1.6 uM) for 5 min at 30°C in buffer D [35 mM
Tris-HCL, pH 7.5, 1 mM dithiothreitol (DTT), 1 mM ATP,
2.5 mM MgCl,, 50 mM KCl, 100 ng/ul bovine serum albu-
min (BSA)]. Then, the indicated amount of Mei5-Sae3 com-
plex was added, followed by a 5-min incubation. The reac-
tion was initiated by adding homologous 3?P-labeled 40-mer
double-stranded DNA (dsDNA; Oligo 2 + Oligo 3) to a final
volume of 12.5 ul. After a 30-min incubation, a § ul aliquot
was quenched with an equal volume of 0.1% sodium dodecyl
sulfate (SDS) containing proteinase K (final 0.75 mg/ml) and
then incubated at 37°C for 15 min. The samples were devel-
oped in 10% polyacrylamide gels in TBE buffer (89 mM Tris—
HCI, 89 mM borate, 2 mM EDTA, pH 8.0) at 4°C. The gels
were dried on Hybond-H* membranes (Cytiva) and analyzed
by phosphorimaging analysis in a Personal FX phosphorim-
ager using the Quantity One software (Bio-Rad).

D-loop formation assay

The CyS5 5'-labeled 90-mer Oligo 4 (3.6 uM nucleotides) was
incubated with Dmc1 in buffer D for 5 min at 30°C. For RPA
mediating experiments, Oligo 4 was incubated with the indi-
cated amounts of RPA at 30°C in buffer D for 5 min before
being incubated with Dmc1. Then, the indicated amount of
Mei5-Sae3 complex was added, followed by a 5-min incuba-
tion. The reaction was initiated by adding pBluescript IT SK(—)
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DNA (22 uM base pairs) to a 12.5 ul final volume. After 10
min of incubation at 30°C, a 5 pl aliquot was removed, mixed
with an equal volume of 0.1% SDS containing proteinase K
(final 0.75 mg/ml) and incubated at 37°C for 15 min. The
samples were analyzed with 1% agarose gels in TBE buffer at
4°C. The gels were photographed by an Amersham Typhoon
phosphorimager (Cytiva) and were analyzed by the Quantity
One software (Bio-Rad).

Nuclease protection assay

The assay was derived as previously described (37). The 32P-
labeled 80-mer Oligo 1 (3 uM nucleotides) was co-incubated
with Dmc1 (1 uM), Mei5-Sae3 and Benzonase (1 U) for 10
min of nuclease challenge at 30°C in 10 ul buffer D. To stop
the reaction, a 2.5 pl stop mixture was added with final 48
mM EDTA, 0.032% SDS and 0.64 mg/ml proteinase K and
then incubated at 37°C for 15 min. The samples were devel-
oped in 10% polyacrylamide gels in TBE buffer at 4°C. The
gels were dried on Hybond-H* membranes (Cytiva) and an-
alyzed by phosphorimaging analysis in a Personal FX phos-
phorimager using the Quantity One software (Bio-Rad).

DNA mobility shift assay

The Cy5 5'-labeled 90-mer ssDNA Oligo 4 (3 M nucleotides)
was incubated with the indicated amounts of RPA or RPA-
GFP proteins in a 10 pl volume of reaction buffer D at
30°C for 10 min. The reaction mixtures were electrophoresed
in 1% agarose gels with TBE buffer at 4°C. The gels were
photographed by an Amersham Typhoon phosphorimager
(Cytiva) and were analyzed by the Quantity One software
(Bio-Rad).

Strains and plasmids for Rfa2—-eGFP meiosis |
progression test

All strains described here are derivatives of SK1 diploids
as follows. Wild type, NKY1551: MATa/«, ho::LYS2/”,
Iys2/”,  wra3)”, leu2:hisG/”,  his4X-LEU2(BamH]I)-
URA3/his4B-LEU2(Mlul),  arg4-nsp/arg4-bgl. = RFA2-
eGFP, SMY659/660; NKY1551 with RFA2-eGFP-
3xHA:KamMX4/”. RFA2-GFP diploid cells showed
wild-type spore viability, but both showed ~2 h delay in
the entry of meiosis I (40). The RFA2-GFP allele was con-
structed by the one-step integration of polymerase chain
reaction products using a GFP template plasmid, pKT220
(pFA6a-link-yECitrine-3HA-KANr) and a primer set as
follows:

Forward: 5'-CGACCTTGACTGACCAGGGTTTTATCTA
CCCAACTTTTGATGACAATAACTTCTTTGCCCTAggaa
tgtctaaaggtgaagaatta (lowercase letter is for the plasmid).

Reverse: 5-CCTAGTAGAAATACACAAACGAATACTA
AGAAATGCTAAAAAAATAATCTATATATT Tgagctcgtttaa

actggatgg.

GFP observation for Rfa2-eGFP meiosis |
progression test

Time-lapse images of Rfa2-GFP were captured using a
computer-assisted fluorescence microscope system (DeltaVi-
sion; Applied Precision). The objective lens was an oil im-
mersion lens (100x; NA, 1.35). Image deconvolution was
performed using an image workstation (SoftWorks; Applied
Precision).
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smFRET experiments’ preparation

The dT7,dT9, dT13,dT12 + 18,dT12 + 21 and dT21 + 12 3/
dye pair DNA substrates used in FRET experiments were pre-
pared by annealing oligos purchased from Integrated DNA
Technologies, with sequence and labeling positions listed in
Supplementary Table S1 and Supplementary Figure S3. The
oligos were annealed in 1x TS50 buffer (20 mM Tris, 50 mM
NaCl, pH ~7.7). The slides used in smFRET experiments were
prepared and assembled with a protocol modified from this
paper (41) (see Supplementary Note S4 for details). Briefly,
slides were PEG (polyethylene glycol)-modified containing a
small fraction of biotin-labeled PEG and were then incubated
with 0.02 mg/ml streptavidin for 2 min. Next, the reaction
chamber was washed with 1x T50 buffer, followed by the ad-
dition of 20 pM DNA substrate in imaging buffer (50 mM
Tris—=HCIL, 50 mM KCI, 2.5 mM MgCl,, 2 mM Trolox, 1 mM
DTT, 2 mg/ml BSA, 4 mg/ml glucose, 60 U/ml glucose oxi-
dase, 60 U/ml catalase, 2 mM cyclooctatetraene, pH 7.5). The
buffer contains an additional 0.8 mM CaCl, for experiments
with calcium ions.

Single-molecule data acquisition

The objective-type total internal reflection fluorescence micro-
scope (Olympus IX71) was coupled with a tri-view system
(OptoSplit 111, Cairn Research) for imaging using an EMCCD
(electron multiplying charge-coupled device) camera (iXon
Ultra 897, Andor) at 20 Hz. A 532-nm laser (Ventus, 0.10
mW excitation) was used for the excitation of Cy3, a 638-nm
laser (Omicron, 0.12 mW excitation) for the excitation of Cy$
and a 473-nm laser (Optica, 0.06 mW excitation or 0.10 mW
excitation) for the excitation of GFP. Raw fluorescence images
were recorded by Glimpse, a generous gift from Jeff Gelles’s
lab. Snapshots were recorded with 80 frames of alternating
Cy3/GFP excitation followed by 20 frames of Cy$5 excitation.
Real-time traces were recorded with 3-min excitation of Cy3
for Mei5-Sae3 kinetic parameter experiments and 1-min ex-
citation of Cy3/GFP excitation in an 80 frames/20 frames
alternation for Mei5-Sae3 RPA displacement experiments or
20 frames/20 frames alternation for Ca** RPA displacement
experiments. For Dmc1 binding experiments, the 20 ul re-
action mixture included various Dmc1 concentrations and 3
mM ATP, and given concentrations of Mei5S—Sae3 were loaded
into the reaction chamber, and then real-time traces and snap-
shots were taken at given times. For RPA displacement exper-
iments, the 20 pl reaction mixture included 40 nM GFP-RPA
and was loaded into the reaction chamber and reacted for 5
min. Solution-free RPA was washed with 20 pl image buffer
four times; snapshots were taken for RPA FRET state refer-
ence. The 20 ul Dmcl reaction mixture was then loaded into
the chamber, and real-time traces and snapshots were taken at
the given time.

Data analysis

Recorded image data of Glimpse were analyzed with self-
written image-analyzing Python scripts to obtain the colo-
calized Cy3/CyS5/GFP signals on individual DNA molecules.
A more detailed workflow of the image-analyzing pipeline
is described in Supplementary Note S1. Cy5 excitation was
used to check the presence of Cy5S dyes; only traces with
CyS$ intensities >800 and total intensity <5000 were pre-
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served in histogram analysis. The FRET values of the colo-
calized dye pair DNA molecules were analyzed with the
Python scripts, and histograms of the FRET states in Figure
2 and Figure 4 were fitted using Gaussian mixture models
(GMMs) given the predetermined number of states. For time
traces exhibiting alternation among several FRET states in
Figure 2, hidden Markov model (HMM) fitting was done us-
ing the HMM-learn package, given the predetermined means
of states. The kinetic parameters were obtained by fitting
a single-exponential survival function to the dwell time of
each transition by maximum likelihood estimation; the de-
tailed pipeline is described in Supplementary Figure S6 and
Supplementary Note S2. The RPA displacement fraction in
Figure 3 was calculated by thresholding the median value of
the FRET efficiency for each DNA molecule. The median value
was chosen as the matrix to minimize the error caused by un-
stable Dmc1 clusters that occasionally went into FRET states
of ~0.5, which may be misdetermined into the RPA state
by GMM methods. Median values outside the range [0.48,
0.60] were defined as RPA-displaced states. Background er-
rors of RPA-only states falling outside the threshold were sub-
tracted for each experiment. Transition events of RPA dis-
sociation and Dmc1 FRET state formation in Figure 5 and
Supplementary Figure S14 were hand-picked with the as-
sistance of the Ruptures package in a self-written Python-
scripted DASH app. GFP disappearance events within the sta-
ble RPA-coated FRET state were identified as photobleaching,
not RPA dissociation, and thus excluded from the histogram.
All the figures were drawn with custom-written Python codes.
For information on the Python packages used, please see
Supplementary Note S3.

Statistical tests for the gel-based results, were performed us-
ing GraphPad Prism 7 (GraphPad Software) to establish sta-
tistical significance. The Shapiro-Wilk test was used to as-
sess the normality of the data, and the Brown—Forsythe test
confirmed that sample variances were similar across multi-
ple groups. One-way analysis of variance with Tukey’s post-
hoc test was used to compare multiple groups and determine
statistical significance, with a P-value of <0.05 considered
significant.

Results

Meib-Sae3 stimulated Dmc1-mediated strand
exchange

Previous studies suggest that Dmc1-mediated recombination
in meiosis depends on the Mei5-Sae3 complex (17,18). To in-
vestigate how Mei5-Sae3 affects Dmc1-mediated recombina-
tion, we purified Mei5—Sae3 and Dmc1 to near homogene-
ity without affinity tags (Supplementary Figure S1). We an-
alyzed the biochemical relationship between Mei5—Sae3 and
Dmcl by various reactions without Ca?* (however, still in
the presence of Mg?*). Note that the previous reports an-
alyzed Dmcl1-mediated D-loop reaction in the presence of
Ca?* and showed very weak or little stimulative activity of
Mei5-Sae3 (20,22,42). We checked whether Mei5-Sae3 stim-
ulated Dmc1-mediated recombination using a standard in
vitro strand-exchange assay and showed that Mei5—Sae3 stim-
ulated Dmc1-mediated strand exchange with dosage depen-
dence even without RPA (Figure 1B). The maximum stim-
ulation was seen at the Dmc1 to Mei5-Sae3 ratio of ~2
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Figure 1. Mei5-Sae3 enhanced Dmc1-mediated homologous recombination. (A) Schematic drawing of the DNA strand-exchange assay. ssDNA was
sequentially incubated with Dmc1 and Mei5-Sae3, followed by the addition of 3?P-labeled dsDNA to initiate strand-exchange reactions. The reactions
were stopped and deproteinized by SDS and proteinase K. The asterisk denotes the 32P-label. (B) The strand-exchange activities of Dmc1 alone (1.6 uM,
lane 2) and in the presence of Mei5-Sae3 in the indicated concentrations (lanes 3-9) were compared as shown. Mei5-Sae3 only (lane 10) was included
as a negative control. B (blank) refers to a reaction mix without proteins. (C) The time course of Dmc1-mediated (1.6 M) strand exchange in the
presence of Mei5-Sae3 (0.8 uM, lanes 3-7), as well as Dmc1 only (lane 2), was analyzed at the indicated time points. Reaction without ATP (lane 8) was
included as a negative control. (D) Schematic drawing of the D-loop formation assay. Cy5-labeled ssDNA was sequentially incubated with Dmc1 and
Mei5-Sae3, followed by the addition of supercoiled dsDNA to initiate the reaction. The reactions were stopped and deproteinized by SDS and proteinase
K. The asterisk denotes the Cy5 label. (E) The D-loop formation of Dmc1 alone (1.2 uM, lane 2) and Dmc1 with Mei5-Sae3 in the indicated
concentrations (lanes 4-7) was compared as shown. Mei5-Sae3 only (lane 3) and reaction without ATP (lane 8) were included as negative controls. The
percentage of the product was quantitated in the bottom panel. Reported results were derived from three independent experiments. The annotation
**** indicates P < 0.0001, *** indicates P < 0.001, ** indicates P < 0.01 and ns indicates P > 0.05.

(Figure 1B, lane 6). Stimulation is also seen at higher Mei5—
Sae3 concentrations but with a slight decrease (Figure 1B,
lanes 8 and 9), likely due to its DNA binding property (20,21).
Even at a 60-min reaction time, Dmc1 alone failed to gener-
ate a strand-exchange product, but ~10% of the product was
seen in the presence of Mei5-Sae3 at the 5-min time point
(Figure 1C, lanes 2 and 4). This stimulation required ATP,
suggesting that the Mei5—Sae3 enhancement depends on the
ATP-dependent formation of the Dmc1 filament (Figure 1C,
lane 8). We also showed that Mei5—Sae3 stimulates Dmc1-
mediated D-loop formation with a homologous plasmid with-
out Ca?* (Figure 1D and E). The stimulation of the D-loop
formation product by Mei5—Sae3 is ~2-fold (Figure 1E, lanes
2 and 7).

Mei5-Sae3 stabilized small Dmc1 clusters on
ssDNA

Given that Mei5—Sae3 stimulated Dmc1-mediated strand ex-
change and D-loop formation, we explored whether Mei5—
Sae3 acts on the step of Dmc1 filament assembly. In the nu-
clease protection assay, the Dmc1-ssDNA nucleoprotein fila-
ment (80-nt ssDNA, 10-min incubation) was challenged by
Benzonase nucleases. The DNA not bound by Dmcl was
susceptible to nucleolytic degradation, leading to short and
cleaved fragments (Figure 2A and B, lane 2). In the pres-
ence of Mei5-Sae3, the Dmc1 filament was better protected
with maximum protection at the ratio of 1:1 (Figure 2B,
lanes 3-6). Mei5—Sae3 alone also contributed some protec-
tion, likely resulting from its DNA binding ability (20,21),
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but negligible (Figure 2B, lanes 7-9). Thus, Mei5-Sae3 stim-
ulated the assembly of Dmc1 nucleoprotein filaments even
in the absence of RPA. In contrast, Mei5-Sae3 showed no
protection effect on Rad51-ssDNA nucleoprotein filaments
(Supplementary Figure S2), consistent with previous reports
(17,21).

Ensemble-based biochemical assays, such as the filament
protection assay reported here, described the products from
multiple steps of biochemical reactions. To specifically inves-
tigate how Mei5-Sae3 affects Dmc1 filaments, we used an
smFRET assay to monitor the dynamics of Dme1 assembly
on bare ssDNA. The dT13 DNA substrate contains a 13-nt
3’ single-stranded overhang separated by the Cy3 and Cy$
dye pair (Supplementary Figure S3C). Dmc1 is known to bind
to ssDNA cooperatively to form extended nucleoprotein fil-
aments. Homologs of Dmc1, such as RecA or Rad51, have
been reported to bind DNA in a 3-nt per monomer ratio
(43,44). Cryo-electron microscopy structures also showed a
similar binding ratio for ScDmc1 (45,46), so dT13 substrates
can accommodate up to four Dmc1 molecules (Figure 2C).
The binding of Dmc1 on ssDNA preferentially initiates from
the ss/ds junction (37) and leads to the separation of the dye
pair, resulting in a decrease in FRET (47) (Figure 2C). Without
Dmcl, the FRET state was initially at the FRET efficiency of
~0.81 4 0.050 (Supplementary Figure S4A). Control experi-
ments with Mei5—Sae3 alone did not lead to any FRET change
in the dT13 substrate (Supplementary Figure S4B). The pres-
ence of Dmc1 and Mei5-Sae3 also did not cause apparent
protein-induced fluorescence enhancement (Supplementary
Figure S4C and D). Upon the addition of 4000 nM Dmcl,
states with lower FRET values appeared, reflective of Dmc1
binding (Figure 2D, 600 s reaction time). As the substrate al-
lows binding of up to four Dmc1 molecules, the FRET his-
togram was fitted to five Gaussian components, corresponding
to the DNA-only state (0.82 £ 0.052, state 0) and four Dmc1-
bound states (0.71 £ 0.045, 0.58 £ 0.059, 0.39 £ 0.065
and 0.23 + 0.084, corresponding to states 1, 2, 3 and 4, re-
spectively), based on the GMM (48). The small population
of lower FRET states indicated limited Dmc1 binding on this
short dT13 segment of ssDNA. The histogram for longer reac-
tion time (1200 s, Supplementary Figure SSA and B) showed
similar Gaussian center positions but with more apparent low
FRET state populations, validating the fitted subtle peaks. On
the other hand, when as small an amount as 500 nM Mei5-
Sae3 was included with 4000 nM Dmc1, the low FRET state
population became apparent (Figure 2G, 600 s), with the his-
togram fitted with five Gaussian components (0.81 + 0.053,
0.68 £0.044,0.56 +0.059,0.37 & 0.068 and 0.26 4= 0.068).
The five FRET states (zero to four Dmc1 bound) were nearly
identical with or without Mei5-Sae3, confirming the FRET
state assignment. Calculation of the Dmc1-bound fraction (to-
tal population of states 1-4) showed that Mei5—Sae3 stimu-
lated Dmc1 binding even in the absence of RPA and without
Ca?* (Figure 2K and Supplementary Figure S5C and D).

Real-time FRET courses were sampled from four record-
ings with a 180-s recording window at different reaction times
(at ~90, 320, 550 and 800 s). The exemplary FRET time
courses showed alternations among defined FRET states (Fig-
ure 2E and H; more in Supplementary Figure S6D and E), re-
flecting the dynamic change of different Dmc1-bound states
on dT13 substrates. FRET time courses were analyzed by
the HMM (49). Many previous studies have demonstrated
the use of the HMM to characterize the binding dynamics
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of recombinases (50-52). Different numbers of hidden states
could be given as a hyperparameter during HMM fitting; the
BIC scores for different numbers of hidden states of the fit-
ted model are shown in Figure 2]. The BIC scores reached a
plateau for k£ > 5 hidden states, suggesting a five-state model
(zero to four Dmc1-bound states, identical to those used in the
GMM fitting) sufficient to describe the Dmc1 binding pro-
cess. The FRET states and the associated dwell times could
thus be inferred from the fitted five-state HMM (orange line,
Figure 2E-H).

The TDP collected all mean FRET values before and af-
ter the transitions from time courses (Figure 2F). FRET val-
ues between the transitions and the frequency of state tran-
sitions were illustrated as the heatmap. For example, for the
transition at ~68 s in Figure 2E (red arrow), a count in the
FRET of ~0.24 (x-axis, before the transition)/0.39 (y-axis,
after the transition) was scored in Figure 2F. The symmetrical
distribution of the TDP validated the FRET state assignments
of Figure 2D and E. As there were five states (zero to four
Dmc1 bound), four association and four dissociation transi-
tions were seen in TDP. No apparent off-diagonal population
was seen in TDP (Figure 2F), suggesting a sequential Dmc1
binding model as a reasonable model to describe Dmc1 as-
sembly kinetics, consistent with previous recombinase studies
(50,52). In the presence of Dmc1 only, transitions mainly oc-
curred in the high FRET states (upper right corner, Figure 2F),
indicating that dT13 DNA substrates were mainly transiently
bound by one to two Dmc1 molecules. On the other hand, in
the presence of both Dmc1 and Mei5-Sae3, TDP now showed
an apparent population among lower FRET states (bottom
left corner, Figure 2I).

FRET state time courses (orange line, Figure 2E and H) in-
ferred from the fitted HMM offered the dwell time at each
FRET state before transitions. The mean dwell times of one
to four Dmc1-bound states on dT13 are shown in Figure 2L
(blue and yellow for experiments with and without Mei5—
Sae3, respectively). The most significant changes upon adding
Mei5-Sae3 occurred in the nearly 2-fold increase in the dwell
time of three-Dmc1-bound state (state 3, Figure 2L), indicat-
ing that Mei5—Sae3 may stabilize small Dmc1 clusters on ss-
DNA with about three Dmc1. Moreover, the dwell time of
each Dmc1-bound state allows the determination of the ap-
parent transition rates if we modeled this process as a pseudo-
first-order sequential binding (Supplementary Figure SSE), as
shown in many previous studies of recombinases (50-52). Ap-
parent association and dissociation rates during the Dmc1 as-
sembly step on dT13 were determined (Supplementary Figure
SSF and G, blue and yellow for experiments with and with-
out Mei5—Sae3, respectively; the experimental pipeline sum-
marized in Supplementary Figure S6A—C; and Supplementary
Note S2). For example, 1 — 0 is the apparent dissociation
rate for FRET state 1 containing one Dmc1 molecule dissoci-
ation to FRET state 0 (DNA only). In the absence of Mei5-
Sae3 (yellow bars, Supplementary Figure SSF), the four Dmc1
dissociation steps were similar and were generally fast. The
most significant changes upon adding Mei5-Sae3 (blue bars,
Supplementary Figure S5F) occurred in the nearly 2-fold re-
duction in the 3 — 2 and 2 — 1 dissociations. This again
suggests that Mei5-Sae3 preferentially stabilized small Dmc1
clusters with about two to three Dmc1 bound. For association
rates, binding of the first Dmc1 was the rate-limiting step (0 —
1), with a gradual increase at more Dmc1-bound states, con-
sistent with the cooperative binding character of recombinase
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Figure 2. Mei5-Sae3 stabilized small Dmc1 clusters on ssDNA by reducing Dmc1 dissociation rates during assembly. (A) Schematic setup for the
nuclease protection assay. The asterisk denotes the 2P label. (B) The protected ssDNA (top band) was analyzed for Dmc1 alone (1 uM, lane 3) and in
the presence of the indicated concentrations of Mei5-Sae3 (lanes 4-6). All results were from at least three independent experiments. The annotation
**** indicates P < 0.0001. (C) A Dmc1 assembly FRET assay on dT13 substrate. The FRET histograms of the dT13 substrate after adding Dmc1 alone
(D) or in the presence of 500 nM Mei5-Sae3 (G) at 600 s after adding Dmc1. The bold orange curves indicate the sums of the fitted Gaussian mixture
distribution, while the dashed curves indicate the fitted individual Gaussian components. The gray-shaded areas cover the mean =+ 2 standard deviations
(SDs) of the fitted Gaussian peaks. Exemplary FRET time courses with Dmc1 alone (E) or Dmc1 with Mei5-Sae3 (H). Orange lines were inferred from
the fitted Gaussian Hidden-Markov Model. Transition density plots (TDPs) for FRET transitions observed for Dmc1 alone (F) or with Mei5-Sae3 (I). (J)
Bayesian information criterion (BIC) score of the fitted HMM given different numbers of hidden states. The BIC scores reached a plateau for k > 5
hidden states (black arrow). (K) Bar charts quantifying Dmc1-bound fraction at different times. Error bars indicate the standard error of the mean (SEM) of
three individual experiments. Differences between reactions were tested using Student's t-test. (L) Mean dwell times of different FRET states

(states 1-4) on dT13. Error bars indicate the SEM of four recordings, each containing >200 molecules. Differences were tested using Student's t-test;
only statistical significances with P < 0.01 (**) were annotated. The annotation *** indicates P < 0.001 and ns indicates P > 0.05.
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nucleoprotein filaments (52,53) (Supplementary Figure S5G).
No apparent stimulation of Mei5-Sae3 for all the four Dmc1
binding steps was seen. As longer Dmc1 filaments resulted in
higher cooperativity and better stability, Mei5—Sae3’s suppres-
sion of the dissociation of the second or third Dmc1 from the
small clusters is an effective stimulation strategy to push the
equilibrium to more stable Dmc1-bound states. Various con-
centrations of Mei5—Sae3 (250-2000 nM) did not show ap-
parent differences in the presence of 4000 nM Dmc1 (Figure
2L and Supplementary Figure S5F), suggesting that the ob-
served MeiS-Sae3 stimulation likely occurred through inter-
actions with Dmc1 clusters on DNA but not in solution.

Mei5-Sae3 functioned as a mediator for Dmc1 to
assemble on RPA-coated ssDNA

Knowing that Mei5-Sae3 stimulates Dmcl by stabilizing
small Dmc1 clusters during its assembly, we then studied
whether Mei5-Sae3 also stimulates Dmc1 assembly in the
presence of RPA. Previously, Mei5—Sae3 was shown to func-
tion as a mediator for Dmc1 in the presence of calcium ions
(20). We used the D-loop formation assay to test whether
Mei5-Sae3 stimulates the Dmc1 activity of the RPA-coated ss-
DNA substrates without calcium ions (all reactions included
Mg?* ions). As expected, Dmc1 alone could not mediate D-
loop formation in the presence of RPA (Figure 3A, lane 3),
but products were seen in the presence of Mei5—Sae3 (Fig-
ure 3A, lanes 6-9). Even the lowest dosage of Mei5—Sae3 (0.1
uM, Figure 3A, lane 6) was sufficient to stimulate Dmc1 (1.2
uM). Thus, Mei5-Sae3 functioned as a mediator for Dmc1
assembly on RPA-coated ssDNA, even when Mg?* alone was
present and was not supplemented with Ca?*.

The mediator effect of Mei5—-Sae3 could arise from different
stages of D-loop formation. To elucidate how Mei5-Sae3 me-
diates the reaction, we tested whether Mei5—-Sae3 stimulates
Dmc1 assembly on RPA-coated ssDNA. We combined the sm-
FRET and single-molecule fluorescence colocalization exper-
iments to specifically monitor both the presence of RPA us-
ing the GFP intensity of GFP-labeled RPA and the Dmc1 as-
sembly using FRET. GFP-labeled RPA had been used in pre-
vious in vitro studies (39,54) and had similar ssDNA bind-
ing efficiency to the wild-type RPA, as evidenced by the elec-
trophoretic mobility shift assay (Supplementary Figure S7A
and B). The functionality of the GFP tag was also tested in
vivo, which showed similar spore viability and meiosis I pro-
gression between wild-type and RFA2-GFP diploids. These
suggested that the Rfa2—-GFP was almost functional in vivo
(Supplementary Figure S7C and D). Individual RPA molecules
have been reported to bind to ssDNA in multiple-binding con-
formations occupying ssDNA up to 30 nt (11). To ensure a
full-length RPA binding, we used DNA substrates contain-
ing >30-nt ssDNA. The dT12 + 21 substrate contains an over-
all 33-nt 3’ single-stranded overhang, labeled with Cy3 and
CyS dye pair separating 12 nt apart at the ss/dsDNA junc-
tion (Supplementary Figure S3E). dT12 + 21 DNA alone re-
turned a single FRET state of 0.77 £+ 0.037 with no GFP
signal (Supplementary Figure S8A and B). When ssDNA was
first coated with GFP-labeled RPA and free RPA was washed
off, most RPA molecules were found to remain stably bound
on ssDNA, and the RPA-dT12 + 21 complex returned a sin-
gle FRET state of ~0.51 & 0.045 (Figure 3B) as well as a
colocalized GFP signal with intensity >400 (Figure 3C). Pho-
tobleaching experiments showed that >95% of the colocal-
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ized GFP-RPA-DNA complex contained only one GFP-RPA
(Supplementary Figure S9). This was consistent with the foot-
print size of RPA and the expectation that this overall 33-
nt dT substrate accommodated one RPA (11). This RPA-
dT12 + 21 complex was stable, with the FRET state persist-
ing for >60 min. Adding Mei5-Sae3 only (500 nM) did not
lead to any apparent change in FRET distribution after 30 min
(Figure 3H, triangular point, and Supplementary Figure S8C
and D). With the addition of 4000 nM Dmc1, most of the
GFP-RPA-DNA complexes stayed unchanged, but additional
FRET peaks (<0.4 and >0.65 in Figure 3D) appeared concur-
rently with the disappearance of GFP signals (<400 in Figure
3E). The presence of lower FRET states reflected the stable as-
sembly of Dmc1, while the higher FRET states might reflect
the partially bound Dmc1 intermediates. These changes oc-
curred only after adding Dmc1, indicating that RPA bound to
DNA was displaced by Dmc1. Since the FRET signal served
as a more photostable indicator than the GFP one, we scored
RPA displacement using the FRET values outside the range
of 0.48-0.60 (outside RPA-coated states in Figure 3B; see
the ‘Materials and methods’ section for details). RPA dis-
placement was inefficient (~20%), even in Dmc1 alone with
high concentrations (4000 nM). On the other hand, adding
both Dmc1 and Mei5-Sae3 together to the RPA-coated ss-
DNA led to the disappearance of ~50% of the colocalized
complex. The FRET states changed to lower FRET states
(Figure 3F), and the GFP signal disappeared (Figure 3G).
Only a new lower FRET distribution is available (centered
at ~0.26), reflective of the formation of stable Dmc1 fila-
ments. We determined the fraction of RPA displacement at
different times after adding Dmc1 (yellow, Figure 3H and I)
and Dmc1 and Mei5-Sae3 mixture (blue, Figure 3H and I).
Dmc1 with Mei5-Sae3 showed a much higher RPA displace-
ment fraction, especially at the earlier stages of the reaction,
e.g. an 8-fold increase at 5 min (Figure 3H and I). Thus,
we conclude that Mei5-Sae3 can mediate RPA displacement
by Dmc1.

Calcium ions stimulate Dmc1 D-loop formation in
the presence of RPA

The previous experiments in Figures 2 and 3 concluded that (i)
Mei5-Sae3 stabilizes small Dmc1 clusters on bare ssDNA and
(ii) Mei5—Sae3 stimulates RPA displacement by Dmc1. The
stabilization of Dmc1 clusters by Mei5-Sae3 may play a cru-
cial role in its mediator function. Studies have also shown that
calcium ions could stabilize Dmc1 to form highly stable fila-
ments (28,29). It was also shown that calcium ions contribute
to the Mei5-Sae3’s mediator effect in the Dmc1-mediated D-
loop formation (20). We set out to test whether calcium ions
stimulate Dmc1 activity similarly.

We first tested whether calcium ions could stimulate the D-
loop formation in the presence of RPA. Significant stimula-
tion was seen for the calcium ions, as the D-loop product in-
creased to ~20% with calcium ions, while nearly no product
was obtained without calcium ions (Figure 4A, lanes 5 and 3,
with RPA). The D-loop product percentage with calcium ions
was almost the same with and without RPA (Figure 4A, lanes
4 and 5). We also confirmed that calcium ions stabilized the
Dmc1 filament using the protection assay (Figure 4B, lanes 6—
8), consistent with previous studies (28,29). The observation
that calcium ions stimulate Dmc1-mediated D-loop formation
in the presence of RPA is novel.
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Figure 3. Mei5-Sae3 mediated Dmc1 assembly on RPA-coated ssDNA. (A) The D-loop formation percentages in the presence of RPA (0.11 uM)-coated
ssDNA were compared between Dmc1 alone (1.2 uM, lane 3) and with additional Mei5-Sae3 (lanes 6-9) in the indicated concentrations. Mei5-Sae3
alone (lane 5) and reaction without ATP (lane 10) were included as negative controls. Controls without RPA for Dmc1 alone (lane 2) and Mei5-Sae3 alone
(lane 4) were included. The product percentage is shown in the bottom panel. All results were derived from at least three independent experiments. The
annotation **** indicates P < 0.0001. FRET histograms of median FRET values and heatmaps of FRET values and GFP-RPA fluorescence intensities of
RPA-coated dT12 + 21 (B, C), with 4000 nM Dmc1 (D, E) and with 4000 nM Dmc1 and 500 nM Mei5-Sae3 (M5S3; F, G) at 30 min after adding proteins.
The RPA-only FRET was ~0.51 + 0.045, and the GFP fluorescence signal was >400, indicating the stable binding of GFP-RPA (B, C). With the addition
of Dmc1 and Mei5-Sae3, ~50% of DNA shifted to the lower FRET values (~0.2-0.4), concomitant with the disappearance of GFP signals (<400),
indicating the displacement of RPA by Dmc1 (F, G). (H) Fraction of RPA displacement fraction on dT12 + 21 substrates: 4000 nM Dmc1 alone (yellow
circles) and with an additional 500 nM Mei5-Sae3 (blue circles). Shaded areas indicate the SEM of N = 5 independent experiments. The control
experiment without Dmc1 but with 500 nM Mei5-Sae3 was included as the green triangle. (I) The RPA-displaced fraction at different times (5, 10, 20
and 30 min; data from panel H). Differences were evaluated using Student's t-test. The annotation **** indicates P < 0.0001 and ** indicates P < 0.01.
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Figure 4. Dmc1 showed similar concentration dependence for RPA displacement and assembly on short ssDNA. (A) The D-loop formation product in the
presence of RPA-coated ssDNA was compared without and with calcium ions for 1.2 uM Dmc1 (lanes 3 and 5). The D-loop product percentage is
shown in the bottom panel. (B) The Dmc1 filament stability was assayed against Benzonase nucleases at the indicated Dmc1 concentrations with
calcium (lanes 6-8) and without calcium (lanes 3-5). The percentage of protected DNA is shown in the bottom panel. All results were derived from at
least three independent experiments. The annotation **** indicates P < 0.0001. (C) RPA-coated dT12 + 18 resulted in a FRET state centered at

~0.56 + 0.060 (Supplementary Figure S9). After incubating 1800 nM Dmc1 for 600 s, the FRET histogram showed that fractions of RPA-coated DNA
molecules formed Dmc1 filaments in the presence of calcium ions. The histogram can be fitted to three Gaussians, representing the RPA-coated
(dashed curves) and the RPA-displaced states (red bold curves). (D) RPA displacement efficiency by Dmc1 on RPA-coated dT12 + 18 substrates at
various Dmc1 concentrations. The curve was fitted to the Hill-Langmuir equation (dotted line), giving Kp = 1895 4+ 31 nM and n=5.77 4+ 0.53. Kp is the
apparent dissociation constant, while n is the fitted Hill coefficient. Error bars are the SD of N = 4 individual experiments. (E) Bare dT9 substrates
resulted in a FRET state of ~0.85 + 0.046 (Supplementary Figure S10). After incubating 1800 nM Dmc1 for 600 s, the FRET histogram showed three
lower FRET peaks (red bold curves), likely corresponding to different Dmc1-bound states. (F) Binding curves of Dmc1 assembling on dT7 dT9 and dT13
substrates at various Dmc1 concentrations. The curves were fitted to the Hill-Langmuir equation (dotted line), giving Kp = 1725 + 77 nM

and n = 2.83 £+ 0.42 for dT7 Kp = 1402 4+ 39 nM and n = 4.81 &+ 0.56 for dT9, and Kp = 440 £+ 32 nM and n = 6.91 4 1.5 for dT13. Error bars are the SD
of N = 3 individual experiments.
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RPA displacement on dT12 + 18 and Dmc1 binding
on dT7 and dT9 ssDNAs showed similar Dmc1
concentration dependence

Observation of Dmc1 stimulation by Mei5-Sae3 and calcium
ions shared common features, and it leads us to hypothe-
size that the ability to stabilize Dmc1 binding on DNA can
result in efficient RPA displacement. Comparing the effect
of Mei5-Sae3 and calcium ions, stimulation by calcium ions
was much more apparent. For mechanistic studies, we then
used calcium ions to address their role in the RPA displace-
ment of RPA-coated ssDNA. We used dT12 + 18 DNA FRET
substrates of a total of 30-nt long 3’-ssDNA overhangs with
Cy3 and CyS5 dye pairs separating 12 nt apart at the 5" junc-
tion (Supplementary Figure S3D). dT12 + 18 showed one
FRET state of ~0.56 & 0.060 for the RPA-coated substrates
(Supplementary Figure S10). In the presence of calcium ions
and Dmc1, two additional lower FRET states below 0.48 were
seen (~0.38 and 0.23, red curves, Figure 4C), reflective of RPA
displacement and stable Dmc1 assembly. We defined the pop-
ulation of FRET <0.48 as the RPA-displaced states, similar
to the previous Mei5-Sae3 experiments. We then used differ-
ent Dmc1 concentrations to construct the RPA displacement
fraction curve on the RPA-coated dT12 + 18 substrates in the
presence of calcium ions, as shown in Figure 4D. The curve
was sigmoidal and could be fitted by the Hill-Langmuir equa-
tion (55), giving Kp = 1895 &+ 31 nM and #n = 5.77 &+ 0.53.
Kp is the apparent dissociation constant, while 7 is the fit-
ted Hill coefficient. The high cooperativity seen here showed
that multiple Dmc1 molecule binding was responsible for RPA
displacement and filament assembly. RPA contains six OB
domains (A-E, F responsible for protein—protein interaction,
which is not shown in figures) responsible for ssDNA bind-
ing with different affinities, and previous footprint studies
suggest that the weaker affinity OB domains A and B could
transiently expose ~10-nt ssDNA during its dynamic binding
(11). Based on this information, we measured the Dmc1 bind-
ing curves on several different lengths of short ssDNA sub-
strates (dT7, dT9 and dT13) in the presence of calcium ions
but without RPA (Figure 4E and F). Each Dmc1 molecule is
known to bind 3 nt on ssDNA, so, at most, two, three and four
Dmc1 molecules could bind to the dT7, dT9 and dT13 sub-
strates, respectively. FRET histograms of these dT# substrates
showed one FRET state with DNA alone and several lower
FRET states in the presence of Dmc1 and calcium ions (Figure
4E, Supplementary Figure S11 and Supplementary Note S3).
These binding curves are shown in Figure 4F, with a higher
affinity for longer dT13 substrates as expected. Hill-Langmuir
fitting returned Kp = 1725 £ 77 nM and n = 2.83 £ 0.42
for dT7, Kp = 1402 & 39 nM and n = 4.81 £+ 0.56 for
dT9, and Kp = 440 + 32 nM and #» = 6.91 &+ 1.5 for dT13.
Higher cooperativity was observed for longer ssDNA as it
could accommodate more Dmc1 molecules for cooperative
binding. Given the significant drop in Kp from dT9 to dT13
substrates, the fourth Dmc1 molecule was critical for stabi-
lizing Dmc1 clusters under this condition. Strikingly similar
Dmc1 dosage dependence of RPA displacement shown in Fig-
ure 4D (RPA-coated dT12 + 18) and cluster formation shown
in Figure 4F (dT7 and dT9) were seen. This observation sug-
gested the similarities of the cooperativity and reaction affinity
between RPA displacement on dT12 + 18 and Dmec1 bind-
ing on dT7 and dT9. This finding implied that a stabilized
Dmc1 cluster with about two to three Dmc1 could be an ac-
tive component during RPA displacement by Dmc1. Control
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experiments without calcium ions did not show efficient RPA
displacement under this Dmc1 concentration (2000 nM) for
ATP or AMP-PNP (Supplementary Figure S12). These obser-
vations support our model that cofactors or mediators that
stabilize small clusters of Dmc1 with two to three molecules
on DNA can result in stable Dmc1 assembly and efficient RPA
displacement.

Dmc1 bound to RPA-coated DNA to initiate RPA
displacement before RPA dissociation

Based on the similar Dmc1 dosage dependence of Dmc1 clus-
ter formation and RPA displacement in Figure 4, our Dmc1
stabilization model predicts that calcium ions and Mei5—Sae3
stabilize small Dmc1 clusters on DNA to allow Dmc1 assem-
bly and displace RPA on RPA-coated DNA substrates. The
stabilization model predicts that Dmc1 binding should occur
first, followed by RPA dissociation. The alternative model is
that cofactors/mediators interact with RPA to reduce RPA
affinity with DNA, so RPA dissociation occurs first, followed
by Dmc1 binding to bare ssDNA. To distinguish between these
two models directly, we monitored the order of Dmc1 bind-
ing and RPA dissociation. Using the experimental setup out-
lined in Figure 3, RPA dissociation was monitored by the dis-
appearance of the GFP-RPA signal, and Dmc1 binding was
monitored by FRET changes without calcium ions. The pho-
tobleaching rate of GFP is ~0.035 s~ under the laser power
used (Supplementary Figure S9). Therefore, we sampled the
GFP signal for 1 s for every 5 s, with a total sampling window
of 100 s to minimize the effect of GFP photobleaching (GFP
is only illuminated for at most 20 s).

An exemplary time course of RPA displacement is shown
in Figure 5A; the figure contains shaded labels on top of the
time courses for easy reference to the FRET states. GFP-RPA
was first coated on dT12 + 21, leading to a FRET state of
~0.51 4 0.045 and a GFP signal >400 (Figure SA, state ref-
erence in Figure 3B). With the addition of 4000 nM Dmcl1
and 500 nM Mei5-Sae3 at ¢ = O s, the FRET value initially
remained at the RPA-coated state, and the GFP signal was also
stable. After some time, the FRET efficiency dropped sharply
and instantly (within 2 s) to lower FRET values of ~218 s
(¢rreT, Figure 5A), indicating the Dmc1 binding time. How-
ever, the GFP signal disappeared at ~238 s (¢tGpp, Figure 5A),
indicating the RPA dissociation. Thus, Dmc1 binding was fol-
lowed by RPA dissociation for this DNA molecule. The last
time point before the FRET exited the RPA-coated state was
defined as tprgT, and the last time point that the GFP signal
remained available was tgp (Figure 5A). Due to the limited
observation window on GFP, the GFP channel was monitored
every 5 s. The histogram of the time differences between these
two events (fgrp — trreT) showed 82% of the observed events
with a GFP signal disappearing after the FRET change (tGrp
— tgreT > 0, Figure 5B, n = 59). This positive time differ-
ence between the two events indicated that Dmc1 binding oc-
curred while RPA remained bound to the DNA. There were
~18% events with negative time differences, likely reflecting
the concurrent occurrence of these two events due to the low
time resolution of the GFP channel or other subpathways.
Therefore, this result directly supported the Dmc1 stabiliza-
tion model that stable Dmc1 binding occurs first, followed by
RPA dissociation. The histogram of the mean FRET values
between Dmc1 binding and RPA disappearance was broadly
distributed around 0.35 (such as FRET values between 218
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Figure 5. Dmc1 bound to RPA-coated ssDNA before RPA dissociation from DNA. (A) Real-time monitoring of 4000 nM Dmc1 binding on the
GFP-RPA-coated dT12 + 21 substrate in the presence of 500 nM Mei5-Sae3. The RPA-coated dT12 + 21 substrate returned a stable FRET value of
~0.51 + 0.045, and the GFP-RPA signal was >400, indicating the stable binding of RPA (yellow barcode, top). The decrease in FRET (top, teget) at ~217
s reflected Dmc1 binding between the FRET dye pairs near the 5’ junction while the GFP-RPA signal stayed (brown barcode). The disappearance of the
GFP signal (bottom, tgrp, intensity <400) at ~239 s reflected RPA dissociation (blue barcode). The time between these two events (brown barcode)
indicated the coexistence of Dmc1 and RPA before RPA dissociation. (B) The probability distribution (n = 59) of the tgrp — terer dwell time for dT12 + 21
with Mei5-Sae3. Dwell time >0 s indicates the Dmc1-RPA coexistence (82%). (C) Real-time monitoring of Dmc1 binding on dT12 + 18 substrate
precoated by GFP-labeled RPA. The quick decrease in the FRET signal (top, trrer) at ~111.5 s reflected Dmc1 binding between the two FRET dye pairs at
the 5" junction, and the disappearance (<400) of the GFP signal (bottom, tgrp) at ~116 s reflected the dissociation of RPA. (D) The probability distribution
(n = 55) of tgrp — terer dwell time for dT12 + 18 in the presence of Ca?* ions. Dwell time >0 s indicated the Dmc1-RPA coexistence (84%). (E) An
exemplary trace of real-time monitoring of Dmc1 binding on dT21 + 12 3’ dye pair substrate precoated by GFP-labeled RPA. The RPA-coated substrate
returned a stable FRET value of ~0.70 4 0.041, and the GFP-RPA signal was >400. With the addition of 2000 nM Dmc1 + 0.8 mM Ca?*, a slight drop in
FRET (FRET ~ 0.55) was observed at ~30 s, followed by the disappearance of the GFP signal (<400, tgrp) at ~32 s. The FRET state rose to a high FRET
state (FRET ~ 0.8) almost simultaneously with the disappearance of GFP and entered the Dmc1 state (FRET < 0.4, terer) at ~42 s. (F) The probability
distribution (n = 105) of the tgrp — trrer dwell time for dT21 + 12 3’ dye pair in the presence of Ca?* ions. Dwell time <0 s indicated that Dmc1 had not
formed on the 3’ side of ssDNA when RPA dissociated (92%).
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and 238 s shown in Figure 5A; Supplementary Figure S13A).
This FRET distribution was similar to the Dmc1-Mei5—-Sae3
filaments on dT13 (Figure 2G, with about two to four Dmc1
bound), indicating that the FRET signal during this period
came from Dmcl binding between the dye pairs at the 5’
junction of the ssDNA. Experiments using calcium ions and
dT12 + 18 substrates showed similar results (Figure 5C):
FRET values changed first (¢grpr ~ 111.5 s), followed by GFP
disappearance (¢Ggp ~ 116 s). The histogram of the time dif-
ferences between these two events (¢grp — ZpreT) revealed that
~84% of the observed events showed GFP signals disappear-
ing after the FRET change (Figure 5D, n = 55).

The FRET values between Dmc1 binding and RPA disso-
ciation (Supplementary Figure S13A and B) indicated that
Dmcl likely resided between the dye pair near the junction
of the ssDNA to initiate the dissociation of RPA. This im-
plies a possible Dmc1 nucleation near the ds/ssDNA junc-
tion. Dmc1 extends toward the ssDNA end, leading to RPA
dissociation. If so, when the FRET pair is located near the
ssDNA end, the RPA disappearance signal is predicted to oc-
cur before the FRET signal changes to the Dmc1 assembled
state. We thus designed an experiment using dT21 + 12 3’
dye pair substrates with Cy3 and Cy$ dye pair separating 12
nt apart near the 3’ end of ssDNA and 21 nt from the junc-
tion (Supplementary Figure S3F). An exemplary time course is
shown in Figure SE. The FRET signal of the RPA-coated state
was initially at ~0.70 & 0.041 (Supplementary Figure S14A).
With the addition of 2000 nM Dmc1 with calcium ions at
t = 0 s, a slight drop in FRET (FRET ~ 0.55, dashed box,
28-32 s, Figure SE) was observed before the disappearance of
the GFP signal (¢Ggp, 32 s, Figure SE). The FRET value first
rose to a high FRET state upon GFP disappearance and then
entered the Dmc1 assembled state (tgrgT, ~42 s, FRET < 0.4,
Figure SE and Supplementary Figure S14B). The histogram
showed that 92% of the time differences between these two
events were <0 s (Figure SF, n = 105), reflecting that RPA
dissociation occurred before Dmc1 filaments formed near the
ssDNA end, as predicted for this dT21 + 12 3’ dye pair sub-
strate. Histogram of the FRET state 5 s after the disappear-
ance of the GFP signal consisted of primarily high FRET states
(Supplementary Figure S13C), supporting that Dmc1 had not
yet approached near the ssDNA end when RPA dissociated.
These results confirmed the sequential events of Dmc1 bind-
ing first near the junction, followed by Dmc1 cluster stabiliza-
tion and extension from the junction toward the ssDNA end,
and consequently resulted in RPA dissociation.

Discussion

Earlier studies showed that both Mei5-Sae3 and calcium
ions are required for efficient Dmc1 assembly on RPA-coated
DNA. We used both in vitro biochemical assays and single-
molecule experiments to show that Mei5—Sae3 alone with-
out calcium ions stimulated Dmc1-mediated strand exchange
in the absence of RPA. This stimulating effect resulted from
the stabilization of small Dmc1 clusters by Mei5—Sae3, pref-
erentially reducing the dissociation rate of Dmc1. In the RPA-
coated ssDNA substrates, Mei5—Sae3 functioned as a me-
diator to stimulate Dmc1 assembly and RPA displacement
without the need for calcium ions. Real-time experiments di-
rectly showed that Dmc1 binds to RPA-coated ssDNA before
RPA dissociation. Dmc1’s binding affinity to dT7 and dT9
substrates was positively correlated with the assembly effi-
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Figure 6. Model of Mei5-Sae3 stimulating Dmc1 assembly on
RPA-coated ssDNA by stabilizing Dmc1 clusters on short ssDNA
exposed during the dynamic of RPA. RPA contains multiple OB domains
that transiently expose short ssDNA segments near the ss/dsDNA
junctions, allowing accessibility of other DNA binding proteins. Dmc1
alone cannot stably bind to such exposed short ssDNA segments. In the
presence of Meib-Sae3 or Ca?*, Dmc1 binding to such short ssDNA
segment is stabilized, thus preventing the rebinding of A-B OB domains
of RPA. Consequent elongation of Dmc1 eventfully leads to RPA
dissociation, resulting in the formation of active Dmc1 filaments required
for homologous recombination events.

ciency on RPA-coated substrates. Therefore, the Mei5-Sae3-
stabilized small Dmc1 clusters were likely the active units to
initiate RPA displacement by Dmcl.

RPA must bind to ssDNA dynamically to execute its regula-
tory roles in coordinating various steps in DNA metabolism,
as the stable and high-affinity binding does not permit the
ssDNA to be accessible to other DNA binding proteins re-
quired for DNA transaction. RPA contains multiple OB do-
mains (A-E) with different DNA binding affinities. All five
OB domains have been reported to bind to ssDNA dynam-
ically (23,56). Dynamic binding and dissociation of individ-
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ual OB domains of the heterotrimeric RPA complex likely
expose part of ssDNA to allow accessibility of other DNA
binding proteins. Despite its dynamic DNA binding nature,
RPA remains bound to ssDNA as long as not all OB domains
dissociate simultaneously. For the ~30-nt-long ssDNA over-
hang substrates used here (such as dT12 + 21), the most sta-
ble RPA binding mode involves all five OB domains, with A
and B domains occupying ~10 nt near the 5" end of weaker
binding affinity, as described previously (11). Dmc1 was pre-
viously reported to preferentially nucleate to ss/dsDNA junc-
tions, compared to the middle of ssDNA segments (37). Dmc1
binding on the exposed short ssDNA was inefficient, as indi-
vidual Dmc1 binds and dissociates transiently. In the presence
of Mei5-Sae3 or Ca?*, the dissociation of Dmc1 would be
reduced, thus facilitating the formation of stabilized clusters
of Dmcl. It was showed that Ca?* ions induce perpendicular
DNA base orientation in RADS51 filaments (57). Interestingly,
the Mei5-Sae3 ortholog Swi5-Sfr1 was also reported with this
similar DNA-organizing ability (58). It is possible that both
Mei5-Sae3 and Ca?* ions potentially possess a similar effect
for Dmc1 filaments.

Once the small Dmc1 clusters were stable, a cooperative ex-
tension of Dmc1 filaments growing from the ss/dsDNA junc-
tion to the ssDNA end can compete with the C-E OB domains
of RPA with eventual RPA displacement. Note that there was
a quick drop in FRET value (~30 s, Figure SE, dashed box) for
dT21 + 12 3’ dye pair substrate before RPA dissociation. This
is more apparent in the heatmap of the compiled FRET events
aligned to the time of GFP-RPA dissociation (Supplementary
Figure S14C, dashed box). In this substrate, the dye pair is
located at the 3’ end and probes the Dmc1 growth near the
ssDNA end. This quick drop in FRET before RPA dissoci-
ation likely reflected the constrained RPA binding resulting
from the growth of Dmc1 filaments toward the DNA end. We
also studied the stability of RPA on bare dT11 and dT21 sub-
strates (Supplementary Figure S15A and B). Even though RPA
was bound to both lengths of substrates, the RPA-dT11 com-
plex was unstable and dissociated rapidly upon buffer wash
(Supplementary Figure S15C). Consistent with previous stud-
ies (59), RPA binding to >20 nt was stable and persisted for
>10 min (Supplementary Figure S15C). Thus, blocking the
rebinding of A-B OB domains by Dmc1 clusters just at the
ds/ssDNA junction was insufficient to result in fast RPA dis-
sociation (compared to the observed ~20 s; Figure 5B). Direct
pushing of RPA by the extending Dmc1 filaments or other in-
teractions was also required to modulate RPA into an unfavor-
able binding state (likely <11 nt; Supplementary Figure S15A
and C) and eventfully induced RPA dissociation; a model has
also been seen in other helicase-RPA interactions (60). Alter-
natively, RPA could also slide or diffuse along ssDNA (61,62).
The sliding of RPA could further expose more ssDNA for suc-
cessful Dmc1 nucleation.

Our results suggest a molecular model for how mediator
proteins could stimulate Dmc1 assembly on RPA-coated ss-
DNA, as shown in Figure 6. DNA binding dynamics of RPA
resulted from multiple OB domains transiently exposing short
ssDNA segments, allowing accessibility of other DNA bind-
ing proteins. Dmc1 alone could nucleate on the exposed ss-
DNA, but the clusters are too small to be stable. In the pres-
ence of Mei5—Sae3 or Ca?*, the small Dmc1 clusters are sta-
bilized and could efficiently prevent the rebinding of RPA
OB domains during their dynamic interaction with ssDNA.
Dmc1 extensions from the clusters at the ss/ds junction likely
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modulate the remaining RPA binding state and push RPA to-
ward the ssDNA end. With RPA dissociation, the remaining
ssDNA provides more sites for Dmc1 to extend further and
form active filaments required for homologous recombination
events.

Mediator proteins could stimulate recombinase assembly
on RPA-coated ssDNA using different protein—protein in-
teraction strategies, such as a mediator—RPA interaction or
a mediator-recombinase interaction. For example, Rad52, a
canonical mediator for Rad51, has been identified by its in-
teractions with ssDNA, Rad51 and RPA in budding yeast
(24,63-65). Structural studies showed that two Rad51 bind-
ing sites of Rad52 drive Rad51 nucleation onto ssDNA to pro-
mote Rad51 filament formation (66). In addition, Rad52 also
interacts with RPA directly, likely modulating the dynamics
of OB domains of RPA, resulting in more exposed ssDNA for
Rad51 nucleation (23). In this work, we demonstrate that the
mediator—-recombinase interaction is responsible for efficient
Dmcl assembly on RPA-coated DNA. By its interaction with
Dmcl and stabilization of Dmc1 nucleating clusters, Mei5—
Sae3 stimulates Dmc1 assembly on RPA-coated DNA. Thus,
stabilized recombinase nucleating clusters and efficient RPA
displacement are strongly coupled events. Note that MeiS—
Sae3 makes no change to the binding properties of RPA (33
nt for A~E OB domain binding, Supplementary Figure S8; 9
nt for A-B OB domains, Supplementary Figure S16). Even
though transient interactions between Mei5-Sae3 and RPA
could exist, they were not seen within the resolution of our ex-
periments. Similar mediator-recombinase interaction was also
discussed for human BRCA2 and RADS51 (26). It is possible
that our proposed mechanism of stabilized recombinase clus-
ters on exposed ssDNA as an active component is also respon-
sible for BRCA2 mediating RADS1.

Swi5S-Sfr1 is the ortholog of Mei5—Sae3 in humans, mice
and fission yeast (67). Previous studies showed that mouse
SWIS-SFR1 selectively stabilized RADS1 filaments by stim-
ulating the formation of the stable nucleus and maintaining
filament length in mice (52,68). FRET experiments showed
reduced dissociation rates of RADS51 in the presence of
SWI5S-SFR1 (52). In fission yeast, Swi5-Sfr1 stabilized both
the Rad51 and Dmc1 filaments (47,52,69,70). Fission yeast
Swi5-Sfr1 also reduced the dissociation of Dmc1 and Rad51
(47,52). These phenomena are consistent with the reduced dis-
sociation rates of Dmc1 by Mei5-Sae3 observed in experi-
ments reported in our study. Across species, though the target
recombinase may differ, Swi5-Sfr1 and Mei5-Sae3 all stabi-
lize recombinase clusters by preventing recombinase dissocia-
tion. These mediators could all function at substochiometric
levels (47,52), suggesting that the stabilization effect of MeiS—
Sae3 may have arisen from the interaction between recombi-
nase filament and Mei5-Sae3. We showed here that this re-
duced Dmc1 dissociation by Mei5—Sae3 is responsible for its
mediator function. This property is likely evolutionarily con-
served for its mediator function in these species.

This study focuses on DNA substrates that allow at most
one RPA binding. Recent work demonstrated that binding
modes within multiple RPA molecules can be part of the regu-
lation strategies (59). It would be interesting to see how MeiS—
Sae3 mediates Dmc1 assembly on substrates containing mul-
tiple RPA molecules, as well as the effect of Mei5—Sae3 on
longer Dmc1 filaments with strong cooperative binding. Many
accessory proteins have also been implicated to function at the
later stages of homologous recombination, as in the example
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of Hop2-Mnd1 (47,71). Considering the biochemical nature
of the Mei5-Sae3-Dmc1 interaction, it is also intriguing to see
whether the same mode of action functions at different stages
during the recombination progression.

Data availability

The data associated with this article are available in its online
supplementary material.
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