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ABSTRACT

Homologous recombination (HR) is a primary DNA
double-strand breaks (DSBs) repair mechanism. The
recombinases Rad51 and Dmc1 are highly con-
served in the RecA family; Rad51 is mainly respon-
sible for DNA repair in somatic cells during mito-
sis while Dmc1 only works during meiosis in germ
cells. This spatiotemporal difference is probably due
to their distinctive mismatch tolerance during HR:
Rad51 does not permit HR in the presence of mis-
matches, whereas Dmc1 can tolerate certain mis-
matches. Here, the cryo-EM structures of Rad51-
DNA and Dmc1-DNA complexes revealed that the
major conformational differences between these two
proteins are located in their Loop2 regions, which
contain invading single-stranded DNA (ssDNA) bind-
ing residues and double-stranded DNA (dsDNA)
complementary strand binding residues, stabilizing
ssDNA and dsDNA in presynaptic and postsynap-
tic complexes, respectively. By combining molecular
dynamic simulation and single-molecule FRET as-
says, we identified that V273 and D274 in the Loop2
region of human RAD51 (hRAD51), corresponding to
P274 and G275 of human DMC1 (hDMC1), are the
key residues regulating mismatch tolerance during
strand exchange in HR. This HR accuracy control
mechanism provides mechanistic insights into the

specific roles of Rad51 and Dmc1 in DNA double-
strand break repair and may shed light on the regula-
tory mechanism of genetic recombination in mitosis
and meiosis.

INTRODUCTION

Eukaryotic recombinases Rad51 and Dmcl belong to the
RecA family and thus share many common properties (1).
Rad51 and Dmcl sequences are evolutionarily conserved,
with Dmcl about 45% identical to Rad51 in yeast and 54%
identical to Rad51 in human (2-4). Both are ATPases and
require ATP or its non-hydrolysable analogs to assemble on
single-stranded DNA (ssDNA) as the presynaptic complex
(5-8), which leads to searching for homologous double-
stranded DNA (dsDNA) in chromosomes. After locating
the homologous region, the presynaptic complex initiates
strand invasion and exchange in a synaptic reaction process
(9,10). Following strand exchange, the nascent homologous
dsDNA wrapped by the protein is known as the postsynap-
tic complex, which also contains the displaced ssDNA prod-
uct (11,12).

In eukaryotic cells, Rad51 is mostly responsible for ho-
mologous recombination (HR) between sister chromatids
in somatic cells to ensure genome integrity (13), while Dmcl
functions specifically in germline cells during meiosis to re-
combine parental homologous chromatin for proper genetic
inheritance and chromosome segmentation (14,15). Accu-
mulating evidence has demonstrated that the mismatch tol-

*To whom correspondence should be addressed. Tel: +86 10 62798651; Email: hongweiwang@tsinghua.edu.cn
Correspondence may also be addressed to Chunlai Chen. Email: chunlai@mail.tsinghua.edu.cn

Correspondence may also be addressed to Guohui Li. Email: ghli@dicp.ac.cn

tThe authors wish it to be known that, in their opinion, the first four authors should be regarded as Joint First Authors.

© The Author(s) 2021. Published by Oxford University Press on behalf of Nucleic Acids Research.
This is an Open Access article distributed under the terms of the Creative Commons Attribution License (http://creativecommons.org/licenses/by/4.0/), which
permits unrestricted reuse, distribution, and reproduction in any medium, provided the original work is properly cited.


https://orcid.org/0000-0002-0128-7766
https://orcid.org/0000-0001-9494-8780

13136 Nucleic Acids Research, 2021, Vol. 49, No. 22

erances of strand exchange processes mediated by these
two recombinases are quite different (16,17). Comparing
with the higher mismatch tolerance of Dmcl, strand ex-
change mediated by Rad51 aborts with only one or two mis-
matched bases. More recently, it was found that Rad>51 is
involved not only in mitosis for repairing a stalled repli-
cation fork but also in meiosis as an accessory factor
for Dmcl (18,19). The level of mismatch tolerance dur-
ing HR is a critical parameter to be regulated in mitosis
and meiosis pathways. Therefore, revealing the mechanism
of distinctive mismatch tolerance between these two highly
conserved proteins is essential to understanding the dis-
tinct HR processes for potential medical or biotechnical
applications.

To understand the mechanisms of HR mediated by RecA
family proteins, structures of different states of RecA,
Rad51 and Dmcl have been resolved in the past years. The
structures of RecA—DNAs complexes reveal how neighbor-
ing RecA protomers interact with and stretch DNAs in
both presynaptic and postsynaptic complexes (20). These
interactions are highly conserved in hRADSI (21,22). For
Dmcl, octameric ring formation of hDMCI1 has been re-
solved from crystallization of its full-length form in the ab-
sence of DNA (23). The most recent work has revealed the
structures of hDMC1-DNAs complexes in both the presy-
naptic and postsynaptic states, which share similar struc-
tures as RecA-DNAs and hRADS1-DNAs complexes (24).

The dynamic strand exchange process mediated by RecA
or Rad51 was further examined in detail by ensemble
and single-molecule biochemical assays to provide a com-
prehensive view of this process. Initially, 2-3 protomers
of RecA/Rad51 were involved in dynamic nucleation for-
mation along ssDNA at multiple sites. Fast growth of
RecA/Rad51 nucleation sites along ssDNA is accompanied
by the stretch of ssDNA to 1.5 times its original length
without ATP hydrolysis (11,12,25). Then, the presynaptic
complex binds and slides along the dsDNA template to
search for a homologous region until recognizing and form-
ing stable interactions with an 8 nt-microhomology region,
achieved by Watson—Crick base pairing between the in-
vading strand and the complementary strand (26-28). The
complementary strand and the displaced strand in the ds-
DNA template exhibit distinctive extension properties, fa-
cilitating rapid searching, recognition and strand exchange
(29-31). Because mismatches occurring during homologous
recognition impede strand exchange, the difference between
Dmcl and Rad51 mediated strand exchange has been exam-
ined by quantifying their binding affinities with dsDNA of
different lengths of microhomology with and without mis-
matches (16,17,32). However, the molecular mechanism of
the distinctive mismatch tolerance of these two recombi-
nases remains elusive.

In this work, we used cryo-EM to determine the struc-
tures of hRADS1 and yeast Dmcl (ScDmcl) with DNAs
in presynaptic and postsynaptic states. Comparison of their
different structures identified key residues V273 and D274
in hRADSI1, corresponding to P274 and G275 for hDMC1
in the Loop2 region. We further applied single-molecule
fluorescence resonance energy transfer (smFRET) assays
to determine the function of mutants of hRADS51 and
hDMCI generated by swapping the two key residues mu-

tually and to investigate their effects on strand exchange ef-
ficiency and mismatch tolerance. The structural and func-
tional analysis led to a model that elucidates the mechanism
of mismatch tolerance in detail to distinguish the property
and function of the two recombinases during DNA strand
exchange.

MATERIALS AND METHODS
Protein purification

The hRADS1 wt construct was a gift from Dr Patrick
Sung (UT Health San Antonio). The hRADS1 mutants
273-PD-274, 273-VG-274, 273-PG-274, 273-VK-274 and
273-VN-274 were constructed following instructions of the
point mutation kit Fast Mutagenesis System (#FM111-01,
TransGen Biotech). The hRADS51 wt and mutant proteins
were purified as described previously (33). Transformed E's-
cherichia coli bacteria cells were grown at 37°C until the
ODg reached 0.6-0.8, and protein expression was induced
by the addition of 0.2 mM IPTG at 37°C for 4 h. Four
grams of the RecA-deficient BLR(DES3) plysS E. coli strain
(#WR4471, Huayueyang Company) /pET21d-RADSI dry
cell pellet was lysed in 20 ml lysis buffer (100 mM Tris-OAc
pH 7.5,0.5mM EDTA, 10% glycerol (v/v), 0.01% IGEPAL
(#238539, Sigma-Aldrich), 1 pill of protease inhibitor cock-
tail (#04693123001, Roche), 1 mM dithiothreitol (DTT),
0.05 mg/ml lysozyme with 10 min of ultrasonic disruption.
The supernatant was collected into a dialysis bag (10,000
MW cut-off) after centrifugation of the cell lysate at 38,750
x gand 4°C for 1.5 h.

Freshly made precipitation buffer 20 mM Tris-OAc pH
7.5, 7 mM spermidine (#124-20-9, ACMEC Biochemical)
dissolved in acetate pH 7.5, 5% glycerol, | mM DTT was
used to precipitate hRADS1 proteins overnight. The pro-
tein precipitate was collected by centrifugation at 38,975
x g for 20 min at 4°C. The pellet was dissolved in 10
ml T150 buffer (50 mM Tris-HCI, 150 mM KCl) by gen-
tly pipetting on ice and the soluble fraction was collected.
This step was repeated in consecutive 10 ml T250, T300,
T500 and T600 buffer (50 mM Tris-HCI, 250 mM KCl1/300
mM KCl1/500 mM KCl/600 mM KCI, respectively). Sol-
uble fractions T150 and T250 had high levels of impuri-
ties, whereas soluble fractions T350, T500 and T600 con-
tained purer hRADS51 proteins. The hRADS51-containing
fractions were pooled together and loaded into a 20 ml
MacroHap (#1572000, BioRad). The hRADSI proteins
were eluted in a KH,PO,4 gradient (buffer A: 0.1 M KCl,
0.1 M KH;POy, 10% glycerol, 1 mM DTT; buffer B: 1 M
KCI, 1 M KH;PO4, 10% glycerol, | mM DTT). The fraction
at 0.5 M KH, PO, was collected and reloaded into 3 ml Hep-
arin (#45-000-058, GE Healthcare) to remove the endoge-
nous nucleotides. The fraction was further loaded to a 1-ml
MonoQ (#17-5166-01, GE Healthcare), and hRADS1 was
collected at ~0.3 M KCl by gradient elution. The hRADS1
proteins with purity above 99% were flash-frozen and stored
at —80°C (Supplementary Figure S1A).

ScDmcl wt construct pNRB150 was a gift from Dr Zhi
Qi (Peking University, Beijing). The plasmid containing
Hisg-Dmcl under a T7 promoter was also induced for over-
expression in the RecA-deficient BLR(DE3) plysS E. coli
strain (34). The cells were grown at 37°C until the ODgg



reached 0.6-0.8 and protein expression was induced by
adding 0.2 mM IPTG at 37°C for 4 h. Dry cells (16 g) were
resuspended in 100 ml lysis buffer (25 mM Tris-HCI, pH
7.5, 10% glycerol, 500 mM KCl, 0.01% IGEPAL, 10 mM
imidazole, 1 mM DTT, 1 pill of protease inhibitor cock-
tail) and lysed using a French press. After centrifuging at
40,000 x g for 1 h at 4°C, the supernatant was incubated
with Talon beads (#635502, Clontech) and washed with ly-
sis buffer containing 20, 30 and 50 mM imidazole, respec-
tively (8). Then, ScDmcl was eluted with elution buffer (25
mM Tris-HCI, pH 7.5, 10% glycerol, 500 mM KCI, 200 mM
imidazole, 0.01% IGEPAL, 1 mM DTT, 1 pill of protease
inhibitor cocktail). The eluted protein was collected and
loaded into a 1-ml Heparin by applying a 10 ml gradient of
50-600 mM KCl in buffer A (50 mM Tris-HCI, pH 7.5, 100
mM KCl, 10% glycerol, | mM DTT, 0.01% IGEPAL (CA-
630 13021-50ML) and buffer B (25 mM Tris-HCI, pH 7.5,
1 M KCl, 10% glycerol, 1 mM DTT, 0.01% IGEPAL). The
ScDmcl-containing fractions were pooled and collected at
about 300 mM KCI. The eluted Hisg-ScDmcl was concen-
trated to 1 mg/ml, flash-frozen and stored at —80°C (Sup-
plementary Figure S1A).

For hDMCI1 protein wt construct, the corresponding
genes were synthesized by QinglLan Biotech and con-
structed into a pET28a vector to generate a protein con-
struct with an N-terminal Hisg-tag. The hDMCI1 mutation
variants 274-VG-275, 274-PD-275 and 274-VD-275 were
constructed by site-directed mutagenesis as for hRADSI.
Procedures of the expression and purification of hDMCI
proteins (Supplementary Figure SIA) were the same as
those of ScDmcl (8), which were described above.

Labeled DNA preparation

DNA oligonucleotides (Supplementary Table S1) were pur-
chased from Sangon Biotech (Shanghai, China). The Cy3-
and Cy5-labeled ssDNAs were prepared via covalently con-
jugating the N-hydroxysuccinimido (NHS) group of fluo-
rescent dyes to an amine group on DNA following pro-
cedures from the manufacturers. Briefly, synthesized DNA
oligos were diluted to 200 uM with 100 mM NaHCO;
and mixed with 5 mM fluorophores (Lumiprobe), which
was then incubated overnight at room temperature. La-
beled DNAs were separated from excess free fluorophores
through ethanol precipitation three times. The dSDNAs for
homologous pairing reactions and smFRET assays were
prepared by mixing the fluorescent dye labeled oligos (Sup-
plementary Table S1) and the complementary unlabeled oli-
gosin a molar ratio of 1.2:1 and heating the mixture to 85°C
for 15 min followed by cooling to room temperature slowly.

Homologous DNA pairing assay

The hRADS51 DNA pairing assay was assembled in buffer
(25 mM Tris-HCI, pH 7.5, 25 mM KCl, 1 mM DTT, 2 mM
MgCl,) that contained 2 mM Adenosine 5-(B,y-imido)
triphosphate (AMP-PNP) in a final volume of 12.5 pl. The
99-mer oligo 1 (6 wM nucleotides in Supplementary Table
S1) was incubated with hRADS51 wt and variants (2 wM) at
37°C for 5 min, following by the addition of 0.2 w.M Hop2-
Mndl and a 5-min incubation. The Dmcl DNA pairing as-
say is similar to hRADS5]1 group except for 2 mM Ca’* and
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2 mM ATP. Then Cy5-labeled homologous dsDNA (oligo
4/oligo 5; 6 wM base pairs) was added to initiate the pair-
ing reaction. After a 10-min incubation, the reactions were
mixed with an equal volume of 1% SDS containing 1 mg/ml
proteinase K (#1996204, Invitrogen). After a 5-min incu-
bation, the reaction mixtures were resolved in 10% nonde-
naturing polyacrylamide gels in TBE buffer (#00006991-
110451, Monad) on ice (35). The gels were photographed
by fluorescent gel scanner at 699 nm, and the products were
quantified by ImageJ (Supplementary Figure S1B).

DNA strand-exchange assay

The 42-mer oligo 14 ssDNA (12 wM nucleotides in Sup-
plementary Table S1) was incubated with hRADS51(4 pM)
variants individually to form presynaptic complex in buffer
(35 mM Tris-HCI, pH 7.5, 50 mM KCI, 1 mM DTT, 2 mM
MgCl,, 2 mM AMP-PNP, 0.1% BSA) in 12.5 ul at 37°C
for 10 min incubation. About 2 mM ATP and 2 mM Ca**
were used for the hDMC1 variants (4 wM) to replace Mg>*
and AMP-PNP for hRADS1 group. For both hRADS1 and
hDMCI variants, 0.4 M Hop2-Mndl was added for 10-
min incubation at 37°C to increase the strand exchange effi-
ciency. Then, exchange reaction initiated by adding 3'-Cy3
labeled mismatch-containing dsDNA (14 wM nucleotides;
8-nt paired: oligo 10/0oligo 11; 6-nt paired: oligo 12/oligo
13; 6-6 nt paired: oligo 15/0ligo 16) and incubated for fol-
lowing 15 min. The interactions were terminated by adding
equal volume of 1% SDS containing 1 mg/ml proteinase
K for another 15-min incubation. The samples were frac-
tionated in 15% nondenaturing polyacrylamide gels in TBE
buffer. The gels were photographed by fluorescent gel scan-
ner at 605 nm, and the products were quantified by ImageJ
(Supplementary Figure S4E-K).

Cryo-EM samples preparation and data acquisition

The ScDmcl presynaptic complex (ScDmcl-ssDNA) was
formed by incubating 4 pM ScDmcl wt with 150-mer ss-
DNA oligo 4 (12 wM nucleotides, synthesized by IDT, Sup-
plementary Table S1) in a buffer containing 35 mM Tris-
HCI, pH 7.5, 96 mM KCl, 2 mM ATP, 5 mM CaCl, and 1
mM DTT at 37°C for 30 min. For postsynaptic complex
(ScDmcl-dsDNA), 0.4 wuM Hop2-Mndl was then added
into the presynaptic reaction for another 10-min incuba-
tion. Homologous 150-bp dsDNA (oligo 4/oligo 5; 14.4
pM base pairs, synthesized by IDT, Supplementary Table
S1) was added and incubated for 15 min at 37°C to form
the postsynaptic complexes.

As to the hRADS1 wt presynaptic complex, 2 uM
hRADS1 wt, 150-mer oligo 4 (6 .M nucleotides) and 2 pM
chemical compound RS-1 that was only used for this state
(for further hRADSI stabilization) (36) (Figure 1C) were
incubated in 12.5 pl assembling buffer (25 mM HEPES,
pH 7.5, 25 mM KCIl, 4 mM MgCl, and 4 mM AMP-
PNP) at 37°C for 30 min. On the other hand, the post-
synaptic complex of hRADS1 wt was formed by 0.2 pM
Hop2-Mnd1l and homologous dsDNA (oligo 4/oligo 5;
7.2 WM base pairs) to presynaptic complex without RS-
1 to trigger strand exchange (22). The postsynaptic com-
plex of hRADS1 273-PG-274 assembling was similar to
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hRADSI wt, and RS-1 was also withdrawn from 273-PG-
274 postsynaptic complex formation.

Aliquots of 4-5 pl ScDmcl wt or hRADS!1 wt reaction
mixture were placed on 300 mesh Quantifoil Au R1.2 /1.3
grids coated with a graphene film (37) and flash-plunged
into liquid ethane cooled down by liquid nitrogen in a Vit-
robot Mark IV (Thermo Fisher Scientific) with a blotting
time of 2.5 s and blotting force of —2. All frozen grids
were subsequently transferred to Titan Krios microscopes
(Thermo Fisher Scientific) to collect cryo-EM data. The
ScDmcl presynaptic complex (Supplementary Figure S1D
and F) and the hRADSI presynaptic complex (with RS1)
(Supplementary Figure S1E and H) were collected on a Ti-
tan Krios operated at 300 keV equipped with a Cs-corrector
and a Falcon II camera (Thermo Fisher Scientific) with
movie mode using AutoEMation2 (developed by Jianlin Lei
from Tsinghua University) at a magnification of 75,000,
yielding a pixel size of 0.885 A. The specimens were col-
lected for their cryo- -EM images with a movie exposure
mode of 30 frames in 1.8 s correspondmg to a total dose
of 48 e~ A-2 under defocus ranging from —1.0 to —3.0 pm.
We collected 2,175 movie stacks for the ScDmcl presynap-
tic complex and 1,159 movies for the hARADS1-RS1 presy-
naptic complex.

The ScDmcl wt and hRADS1 wt postsynaptic data were
collected on a Titan Krios operated at 300 keV equipped
with K2 Summit direct electron-counting camera (Gatan).
A total of 1,502 movies of ScDmcl postsynaptic (Supple-
mentary Figure S1G) complex were collected automatically
with eTas software (developed by Bo Shen from Dr Xuem-
ing Li’s laboratory at Tsinghua University) at a nominal
magnification of 29,000 with K2 super-resolution mode,
yielding a pixel size of 1.025 A with defocus ranging from
—1to —3.5 pm. Each movie stack was exposed for 4.8 s with
an exposure time of 0.15 s per frame, resulting in a total of
32 frames per stack. The total dose was about 48 e~ A2
for each stack (Supplementary Figure SID and E). For
the hRADS1 postsynaptlc complex (Supplementary Figure
S1I), 528 movies were collected with pixel size of 1.306 A
and —1 to —3.5 pm defocus range. The total dose was about
50 ¢~ A2 for each stack (Supplementary Figure S1D and E)
(22).

The dataset of hRADSI1 273-PG-274 postsynaptic com-
plex (Supplementary Figure S1J), comprising 2,082 movie
stacks, was collected on Titan Krios G3i operated at 300
keV equipped with K3 detector and a GIF Quantum en-
ergy filter (slit width 20 eV) automatically using AutoEMa-
tion2 (developed by Jianlin Lei from Tsmghua University).
The pixel size is 1.0825 A with defocus ranging from —1.5
to —2.5 wm. The total dose was about 40 e~ A~2 for each
stack.

Cryo-EM image processing

Raw data of ScDmcl presynaptic complex acquired from
the Falcon II camera were converted to MRC format by a
locally written program, Raw2MRC. The MRC stacks were
first aligned and summed with MotionCor2 (38) and binned
two-fold with dose weighting applied. The CTF parameters
were determined with Getf (39). After CTF determination
and evaluation, the ScDmcl presynaptic complex dataset

with 2,154 micrographs was selected for further processing.
A total of 290,031 particles were eventually segmented au-
tomatically using Relion 2.1 (40,41). After 2D classifica-
tion, 225,795 particles were subjected to the 3D auto re-
fine procedure and the final reconstruction was obtained
at resolution of 3.2 A (Supplementary Figure S2A). For
the hRADS51-RS1 presynaptic complex, 1,115 micrographs
were selected after CTF determination and evaluation, from
which 321,427 particles were picked automatically with
Relion 2.1. Eventually, the final reconstruction was ob-
tained at a resolution of about 2.97 A (Supplementary
Figure S2B) by following a processing strategy described
before (22).

The output MRC stacks of ScDmcl or hRADS1 post-
synaptic complex (22) collected by eTas software were
motion-corrected with MotionCor2 and binned two-fold
with dose weighting applied. The non-dose-weighted im-
ages were used for CTF estimation by Getf while the dose-
weighted ones were used for particle picking and recon-
struction. In total, 112,493 ScDmcl postsynaptic complex
particles were picked automatically in Relion 3.0 (42). After
2D classification, 107,513 particles showing clear features
were retained for 3D classification and reconstruction. A
total of 71,192 particles were selected from the local angu-
lar search and subjected to further CTF and beam tilt re-
finement (43), after which another round of 3D auto refine
was performed, resulting in a 3D reconstruction with over-
all resolution of 3.4 A (Supplementary Figure S2C). The
hRADSI postsynaptic complex was reconstructed in a sim-
ilar way to achieve better reconstruction with a resolution
of 3.98 A (Supplementary Figure S2D) than the previously
published one (EMD-9567).

Raw data of hARADS1 273-PG-274 postsynaptic complex
acquired from the K3 detector were converted to MRC
format by a locally written program ‘TsinghuaTitan.py’.
The MRC stacks were first summed with MotionCor2 and
binned two-fold with dose weighting (Supplementary Table
S2). A total of 960,393 particles were segmented automati-
cally using Relion 3.0. After 2D classification, 757,143 par-
ticles were subjected to the 3D classification and 139,616
particles eventually entered into 3D auto-refine, resulting a
final reconstruction at 3.0 A (Supplementary Figures S2E,
S3N-0).

Model building and structure refinement

The initial atomic model of the ScDmcl presynaptic com-
plex was generated from the cryo-EM structure of hRADS1
(22) (PDB accession number: SH1B) by CHAINSAW (44)
and was rigid-body docked into the electron density map in
UCSF-Chimera (45). The Loop2 region involved in DNA
binding is highly flexible and therefore the amino acids in
Loop2 were built manually based on the density map in
COOT (46). The atomic models of the longer assemblies
were generated by copying the protomer several times in
UCSF-Chimera following their corresponding helical sym-
metries. After manual adjustment of every residue in COOT,
the structures were further refined in real space in PHENIX
with secondary structures and geometric restraints (47) to
obtain the models of the presynaptic and postsynaptic com-
plexes.



For the hRADS51-RS1 presynaptic complex, the pub-
lished hRADS51-ssDNA structure (22) (PDBID: 5H1B)
was first docked into the EM density map and then through
the whole map. In COOT, certain positions of the side
chains were manually adjusted. With some real-space re-
finement, the final atomic model of the hRADSI presy-
naptic complex was obtained. Most of the structure of the
hRADS1 mutant 273-PG-274 postsynaptic complex was
similar to hRADS1 wt. The density of the Loop2 region of
273-PG-274 was more rigid than wt, although the Loop2 re-
gion side chains of the former were still not solid enough to
build a model, indicating the highly flexible nature of Loop2
region in hRADS51 (Supplementary Figure S3N-O).

Preparation of PEG-passivated slides

PEG-passivated slides were prepared according to a pre-
vious procedure with minor modifications (48). In brief,
slides and coverslips (Thermo) were sonicated at 40°C se-
quentially in the order of ethanol (10 min), 0.2 M KOH
(20 min) and ethanol (10 min). Cleaned slides and cover-
slips were treated with amino-silane reagents (1 ml of 3-
aminopropyltriethoxysilane, 5 ml of acetic acid and 94 ml
of methanol) at room temperature overnight and then in-
cubated with polyethylene glycol (PEG from Laysan Bio,
Inc., containing 20% w/w mPEG-Succinimidyl Valerate,
MW 2,000 and 1% w/w Biotin-PEG-SC, MW 2,000) in 0.1
M sodium bicarbonate (pH 8.3) for 3 h. Slides and cover-
slips were dried using clean N», put in 50 ml falcon tubes,
vacuum-sealed in food saver bags and stored at —20°C.

Acquisition of smFRET data

PEG-passivated slides were incubated with 0.05 mg/ml
streptavidin for 2 min. The 5-Cy5-labeled invading DNA
(oligo 6/oligo 7; 50 pM strand concentration) was pre-
pared in buffer A (50 mM Tris-HCI, pH 7.5, 96 mM KCl,
2 mM MgCl,, 1| mM AMP-PNP and 1 mM DTT) and
then fixed on the streptavidin coated surface via the spe-
cific non-covalent interactions between streptavidin—biotin.
The hRADS51 (hDMC1) variants were diluted to 500 nM
in buffer A, injected into immobilized invading DNA and
incubated for 5 min, and the unbound protein was washed
out with buffer A. Then 50 nM Hop2-Mnd1 in buffer A was
added to immoblized RADS51-ssDNA before flowing ds-
DNA to increase strand exchange efficiency. Then, the dif-
ferent duplex CD strands (fully paired oligo 8/0ligo 9; 1 nM
strand concentration), 8 nt-paired (oligo 10/oligo 11; 1 nM
strand concentration), 6 nt-paried (oligo 12/oligo 13; 1 nM
strand concentration) and 6-6nt paired (oligo 15/0oligo 16; 1
nM strand concentration) dsDNAs were injected into chan-
nels to initiate the strand exchange process while record-
ing fluorescence signals. All smFRET experiments were per-
formed at 30°C in buffer A with an oxygen scavenging sys-
tem, containing 3 mg/ml glucose, 100 wg/ml glucose oxi-
dase, 40 wg/ml catalase (Roche), 1 mM cyclooctatetraene,
1 mM 4-nitrobenzylalcohol and 1.5 mM 6-hydroxy-2,5,7,8-
tetramethyl-chromane-2-carboxylic acid.

Single-molecule fluorescence and FRET measurements
were performed on a home-built objective-type TIRF mi-
croscope, whose configuration details were described previ-
ously (48). All smFRET movies were collected using Cell

Nucleic Acids Research, 2021, Vol. 49, No. 22 13139

Vision software (Beijing Coolight Technology). The appar-
ent FRET efficiency (E,pp) is defined as Eqpp = 1o /(Ia + Ip),
in which 7, stands for intensity of acceptor Cy5 and Ip
stands for intensity of donor Cy3.

Quantification of strand exchange efficiency and binding rate
constant

After strand exchange, the number of single-molecule flu-
orescence spots per imaging field under 532 and 640 nm
laser excitation was separately quantified. The number of
CyS5 spots under 640 nm laser excitation (N¢,s) defined the
number of immobilized strand I, whereas the number of
FRET spots under 532 nm laser excitation (NgrgT) repre-
sented the number of strand I bound with stand C caused by
strand exchange. Thus, strand exchange efficiency was cal-
culated as Npret/Ncys ratio. A three-stranded DNA com-
plex was formed by mixing invading strand (oligo 6/oligo
7) and fully complementary strand C (oligo 8) at a ratio of
A(Cy5):I(biotin):C(Cy3) = 1.2:1:1.2 (strand concentration)
to mimic an ideal exchanged postsynaptic sample. The value
of Nerer/Ncys of this ideal three-stranded DNA complex
was used as the standard value to normalize other mea-
sured Ngrer/Ncys ratios. According to our smFRET assay,
strand exchange efficiency of hARADSI wt is 25 + 1% which
is similar to previously reported values (22,49).

While capturing strand exchange in real time, the ap-
pearance time (#,pp) of homologous dsDNA onto protein-
coated-ssDNA during the strand exchange process was ex-
tracted from accumulative counts via single exponential
decay fitting as shown in Figure 31 and J. The binding
rate constant (kypp) of dsDNA (Table 1) was calculated via
kapp = 1/(tappe[CD]), in which [CD] is the concentration of
dsDNA (oligo 8/0ligo 9, 1 nM strand concentration) flow-
ing into the channels for homologous strand exchange.

Molecular dynamic simulation

The initial coordinates of the DNA models with wt of
hRADS1 and hDMCI1 were built based on the models
obtained from the cryo-EM structures of hRADS51 and
ScDmcl DNA complexes. The missing residues of Loop2
in hRADS1 were constructed using Modeller9.20 (50), and
three different initial conformations of Loop2 in hRad51
were selected for molecular dynamic simulations. Three
DNA models were used in the simulations. One contains
the homologous 9 bp-paired dsSDNA (oligo 17/oligo 18 and
Supplementary Table S1), 8 bp-paired dsDNA (the second
chain sequence was changed to 5-AAAAGAAAA-3' (oligo
17/ oligo 19 and Supplementary Table S1) and ssDNA.
Based on the simulations of wt hRADS51 and hDMCI, the
mutations 273-PD-274,273-VG-274,273-PG-274, 273-VK -
274, and 273-VN-274 of hRad51 and 274-VG-275, 274-PD-
275, and 274-VD-275 of hDMC1 with DNA models were
built to investigate the function of these residues.
Atomistic molecular dynamic simulations of initial mod-
els were carried out in the AMBER16 program using AM-
BER14SB force field for protein (51) and Parmbscl force
field for DNA (52), and the parameters were obtained from
the parameters reported previously (53) for ATP. Each sys-
tem was neutralized with a number of magnesium ions and
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Table 1. Exchange rates of hRADS51/hDMCI with fully paired DNA

Kapp / pM~1's71 273-VD-274 273-PD-274 273-VG-274 273-PG-274 273-VN-274 273-VK-274
hRAD51 25+1 2843 117 £ 12 164 £+ 20 124 +£9 106 £ 20

274-VD-275 274-PD-275 274-VG-275 274-PG-275 — -
hDMC1 27+2 24 +3 108 £ 5 110 £ 10 - -
then immersed in a solvent box filled with TIP3P water RESULTS

molecules (54) to warrant a distance of at least 20 A be-
tween the surface of each protein—-DNA models and the wa-
ter box edge. Energy minimization was performed by im-
posing a strong restraint on each system and was followed
by minimizing the whole system for a few thousand steps.
NVT (constant number of atoms, volume and temperature)
simulations were carried out by heating the whole system
slowly from 100 to 300 K, and the Berendsen thermostat
(55) was used to maintain the temperature of the whole sys-
tem. Subsequently, 1 ns NVT dynamics was performed and
was followed by a NPT (constant number of atoms, pressure
and temperature) production run. During the NPT produc-
tion run, all bonds associated with hydrogen atoms were
constrained by employing the SHAKE algorithm (56) such
that the integration time step of 4 fs could be used. A cutoff’
value of 12 A was set for nonbonded interactions, and the
Particle Mesh Ewald method (57) was employed for treat-
ing electrostatic interactions. For each system, five indepen-
dent molecular dynamic simulations were carried out using
different velocities that were randomly generated at the be-
ginning of the simulations and run for 1 ps. The analysis of
each molecular dynamic trajectory was performed with the
cpptraj module in Amber 16 (58).

MM-GBSA calculation

To understand the interaction between the DNA molecules
with hRADS1 and hDMCI, the binding free energies were
calculated using the MM-GBSA method. For each com-
plex, 500 snapshots were extracted from the last 50 ns along
the molecular dynamic trajectory at an interval of 100 ps.
The MM-GBSA method (59) was performed to compute
the binding free energies of the substrates with each mutant.
The binding free energy (A G) can be represented as:

AG = AEyy+ AGya

where A Ej;yy is the difference of molecular mechanic en-
ergy between the complex and each binding partner in the
gas phase, A Gy, is the solvation free energy contribution to
binding and T'A S'is the contribution of entropy changes to
the binding free energy. A E sy is further divided into two
parts:

A EMM = AEele + AEvuar'W

where AE,;, and AE,; are described as the electrostatic
interaction and van der Waals energy in the gas phase, re-
spectively. The solvation free energy is expressed as:

A Ggop = AGg + Aan

where AGygj, and AG,, are the polar and non-polar contri-
butions to the solvation free energy, respectively.

Cryo-EM structures of presynaptic and postsynaptic com-
plexes of two recombinases

Using procedures described previously (22), we obtained
cryo-EM structures of the presynaptic and postsynaptic
complexes of ScDmcl wt at the resolutions of 3.2 and 3.4
A, respectively, and those of hRADS1 wt at 3.0 and 4.0 A,
respectively (Supplementary Figures S1 and S2); these reso-
lutions were higher than for previously reported structures
(22). All four helical assemblies share almost the same right-
handed helical symmetry with about 6.3 protomers per turn
and a helical pitch of 100 A (Figure 1A-D). In our mod-
els, ssDNA and dsDNA substrates are located in the cen-
tral axis of the helical structures and stretched to form con-
tinuous triplets with DNA bases exposed for homologous
pairing and search.

Comparing ScDmcl assembly structures with those of
hRADS51 demonstrates the high similarity of the interact-
ing interfaces between neighboring protomers (Supplemen-
tary Figure S3). The first interaction is formed with the ATP
binding pocket buried in the neighboring protomer’s C-
terminal portion. ScDmcl, which is highly conserved with
RecA, ScRad51 and hRADSI1, has similar Walker A and
B motifs for ATP hydrolysis and the surrounding hydro-
gen bonds network for coupling of ATP binding and DNA
interaction (Supplementary Figure S3A). The second in-
teraction is the beta strand formed by a linker region of
one protomer pairing with the beta sheet in the ATPase
core domain of the adjacent protomer (Supplementary Fig-
ure S3B), which is also conserved in hRADS51 assemblies
(20,22,60,61).

The structures also demonstrate a generally similar mode
of DNA interaction of hRADS51 and ScDmcl in the presy-
naptic and postsynaptic complexes, both involving the
Loopl and Loop2 motifs of the protein protomers (Fig-
ure 1E-H and Supplementary Video S1). In the ScDmcl
presyaptic complex (Figure 1A) and hRADS1 presynap-
tic complex with RS-1 (Figure 1C) which is a compound
could enhance the DNA exchange activity (36,62), one
DNA nucleotide-triplet in a B-form conformation inter-
acts with two consecutive protomers. More specifically, the
triplet is sandwiched by Loop2 of ScDmc1-5" and ScDmcl-
0 in the helical axial direction, as well as by Loopl and
Loop2 of ScDmcl-0 in the vertical direction. In ScDmcl
(Supplementary Figure S3E-QG), the first phosphate within
the triplet is bound by S265 of Dmc1-5, Q236 and H285 of
Dmcl-0, the second phosphate interacts with G283, G284
and R235 of Dmcl-0, and the third phosphate interacts
with R223 of Dmcl-0 (Figure 1E). All of these residues
are highly conserved in hRADS51 (22). In the postsynap-
tic complexes of both hRADSI1 and ScDmcl, Watson—
Crick base pairs are formed between the complementary
strand and invading strand in triplet clusters. R229 in
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Figure 1. Cryo-EM structures of ScDmcl-DNAs and hRAD51-DNAs complexes. (A-D) The atomic models of ScDmcl presynaptic complex (A) and
postsynaptic complex (B), hRADS1 presynaptic complex with RS-1 (C) and postsynaptic complex without RS-1 (D) were all built based on the corre-
sponding cryo-EM density maps. For each complex, the six protomers in one helical turn are colored orange, gold, lime green, cyan, purple and magenta.
The invading strand DNA is in red while the complementary strand DNA is in blue and ATP-Ca?* or AMP-PNP-Mg?" is in yellow. For clarity, we named
the three consecutive ScDmcl protomers as Dmcl-5" (green), Dmcl1-0 (cyan) and Dmcl1-3’ (purple) and the same for hRADS1. The chemical compound
RS-1is labeled in (C) between hRADS1-1 and hRADS51-2. (E) A zoomed-in view of the ScDmcl presynaptic state with all the residues involved in possible
protein—-DNA interactions labeled. P267 in the Loop2 region of ScDmcl facilitates the separation of adjacent triplets and stabilizes the triplets. (F) A
zoomed-in view of the ScDmcl postsynaptic state with R229 in Loopl labeled, which interacts with the complementary strand and stabilizes the postsy-
naptic state. (G and H) The corresponding views of (E and F) in hRADSI presynaptic and postsynaptic complexes, respectively. Key residues for DNA
interactions are labeled. The green dash line represents for missing peptides 278-MFAA-281 in hRADS51 Loop?2.

Loopl of ScDmcl stabilizes the complementary strand
(Figure 1E-G and Supplementary Figure S3H-I) while its
equivalent R235 of hRADS1 (Figure 1H) plays the same
role (22).

Distinctive Loop2 regions between hRADS1 and ScDmcl

The major structural difference between hRADS51 and
ScDmcl lies in Loop2 of the DNA-bound complexes
(Figure 2). We found that the EM density correspond-
ing to Loop2 of hRADS51 complexes is less resolved than
that of ScDmcl (Supplementary Figure S3C-D), despite
the higher resolution of the hRADSI presynaptic com-
plex among four 3D reconstructions. The EM densities of
ScDmcl reconstructions are sufficient to build atomic mod-
els of the intact Loop2, but several residues in the Loop2
of hRADS51 cannot be accounted for in the corresponding
reconstructions (Figure 2A and B), indicating a more flex-
ible nature of Loop2 in hRADS1. We noticed that P267
of Loop2 in ScDmcl inserts into two adjacent nucleotide
triplets and stabilizes the stretched DNA strand, playing
a similar role as V273 in hRADS1 (Supplementary Figure

S3C and D). But proline has a more rigid main chain con-
formation than valine.

The observation that the hRADS1 and ScDmcl struc-
tures are quite similar in most parts of the DNA-bound
complexes but display dramatic differences in the Loop2 re-
gion (22) is in parallel to the sequence variation of Loop2
between RadS51 and Dmcl (Figure 2A-C and Supplemen-
tary Figure S3E-I). We thus wondered whether Loop2 is
responsible for the distinctive mismatch tolerance between
different recombinases. The highly conserved sequence be-
tween hDMCI1 and ScDmcl allowed us to build atomic
models of hDMCI1 via molecular dynamic (MD) simula-
tion based on the structure of ScDmcl (Figure 2C), which
was verified by comparison to hDMCI structures deter-
mined by cryo-EM very recently (24) (Supplementary Fig-
ure S3J and K). To understand the role of Loop2 in DNA
strand binding, MD simulation was also performed for the
presynaptic and postsynaptic complexes of hRADS1 and
hDMCI1. We calculated the energy contribution of different
residues in two loops to stabilize fully paired and mismatch-
containing dsDNA substrates (Figure 2D; Supplemen-
tary Tables S3 and S4), which were estimated by using
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ScRad51R Q MHL AKF MRALQRLADQFGV AVYV
hRADS1R Q MHL ARFLRMLLRLADEFGVAVYV
Mouse Rad51R Q MHL ARF LR MLLRLADE FGV A VYV
ScDmciR Q QK L NQHLFKLNRLAEEFNVAVEF
hDmciR Q QKL AQMLSRLQKI SEEVYNVAVEF
MouseDmciR QK L AQMLSRLQKI SEEYNVAVEF

D

Binding free energy of different residues of
hRADS51 for dsDNA stablization

Fully paired Mismatch
dsDNA containing
(Kcal/mol) dsDNA

(Kcal/mol)
R235 -10.81 -9.49
V273 -2.71 -1.31
G234 -1.93 -3.70
Y232 -1.81 -2.87
Y54 -1.11 -1.12

<<~ - =<

TNQVVAQVDGGMAFN.PDPKEKTPIGG347
TNQVVAQVDGAAMFA.ADPKEKTPIGG289
TNQVVAQVDGAAMFA.ADPKEKTPIGG289
TNQVQSDPGASALTFASADGREIKTPIGG?284
TNQMTADPGATMTTFQ.ADPKTKTPIGG290
TNQMTADPGATMTF FQ.ADPKEKPIGG290

LOOP2 region

Binding free energy of different residues of
hDMC1 for dsDNA stablization

Fully paired Mismatch
dsDNA containing
(Kcal/mol) dsDNA
(Kcal/mol)
R236 -6.59 -10.73
P274 -141 -2.69
G235 -1.99 -1.47
F233 -1.77 -2.79
A272 -1.06 -2.56

Figure 2. The structural difference of hRADS51 and ScDmcl in the Loop2 region. (A) The postsynaptic complex of hRADS51 (pink) and ScDmcl (green)
are superimposed in two consecutive protomers. (B) The Loop2 of hRADS51 and ScDmcl with the DNA substrate are shown in an enlarged view of (A).
The a-carbon atoms are represented by spheres for V273 and D274 of hRADS1, and P267 and G268 of ScDmcl, in the corresponding Loop?2 regions.
The pink dash line represents for missing peptides 278-MFAA-281 in hRADS51 Loop2. (C) Sequence alignment of representative eukaryotic Rad51 and
Dmcl. The residues of VD in eukaryotic Rad51 and the corresponding PG of Dmcl in the Loop2 region are marked in purple. (D) The change of binding
free energies of several key residues in the Loop2 and Loopl regions in hRADS1 wt and hDMC1 wt, respectively. The top five residues with the strongest

interaction are listed for each protein.

MM-GBSA calculations (details in the Materials and
Methods). The results suggested that V273 and P274 of
hRADS51 and hDMCI, respectively, are crucial for ds-
DNA binding in the Loop2 region (Figure 2D). Further-
more, we found that the Rad51-specific D274 interacts with
R235 through an electrostatic interaction and stabilizes the
latter’s conformation (Supplementary Video S2). R235 of
hRADSI1 and its counterpart R236 of hDMCI in Loopl

both interact with two bases of the invading strand through
a m—m interaction to stabilize DNA substrates (Supplemen-
tary Video S2). The results of the M D simulations show that
the V273 and D274 in Loop2 of hRADS1, corresponding to
P274 and G275 of hDMCI, play a crucial role in the DNA
binding. Together, V273 and D274 in Loop2 of hRADSI,
corresponding to P274 and G275 of hDMCI, are likely to
play key roles during strand exchange.



Two residues in the Loop2 region regulate the efficiency, rate
and mismatch tolerances of strand exchange

Based on results of MD simulation, we sought to under-
stand the functions of residues V273 and D274 in Loop2 of
hRADS51 and corresponding P274 and G275 of hDMCI1 us-
ing smFRET assays (Figure 3). We generated six constructs
via mutual mutation between hRADS51 and hDMClI, in-
cluding hRADS1 273-PD-274, 273-VG-274 and 273-PG-
274; and hDMCI1 274-VG-275, 274-PD-275 and 274-VD-
275 (Table 1 and Supplementary Figure S1). The capability
of strand exchange was examined by a homologous DNA
pairing assay (Supplementary Figure S1B), confirming that
hRADS1 and hDMCI1 mutants were able to facilitate ho-
mologous strand exchange as in the wt. We then performed
smFRET assays to quantify the strand exchange efficiencies
of different hRADS51 and hDMCI1 variants more accurately
(27). The invading DNA strand (oligo 7 (5'-biotin-labeled
strand I)/oligo6 (Cy5-labeled strand A); 25pM strand con-
centration) was immobilized on the surface of a coverslip
via biotin—streptavidin conjugation, whose surface density
was usually ~1,500 molecules per imaging field, and incu-
bated with 500 nM recombinase variants to form presy-
naptic complexes. Subsequently, the 18-bp Cy3-labeled ds-
DNA (duplex CD in Figure 3A, which was annealed by dif-
ferent pairs of complementary strand and displaced strand
described in Materials and Methods) was added to trigger
strand exchange (Figure 3A and C). When the duplex CD
was completely homologous (oligo 8/oligo 9; 1 nM strand
concentration) with the invading strand I (Figure 3A), we
captured the appearance of a high FRET state (FRET ef-
ficiency ~0.7, Figure 3B and Supplementary Figure S4A).
Moreover, inspired by the theory of ‘8 nt-microhomology’
stabilization, duplex CD containing eight continuous ho-
mologous bases toward strand I in the middle and five non-
complementary bases on each end (8nt-paired dsDNA in
Figure 3C) was designed as a mismatch-containing sam-
ple. In contrast to the completely homologous sample, this
mismatch-containing sample showed a decreased FRET ef-
ficiency to ~0.5, indicating further apart of the two labeling
sites (Figure 3D and Supplementary Figure S4B).

To compare the ability of hRADS1 and hDMCI1 vari-
ants to mediate strand exchange with different dsSDNAs, we
quantified the strand exchange efficiencies via smFRET as-
says. Briefly, the number of Cy5 spots under 640 nm laser
excitation (N¢ys) defines the total number of immobilized
strand I, and the number of FRET spots under 532 nm
laser excitation (Ngrgt) represents the number of strand C
bound to strand I after the strand exchange reaction. Thus,
the strand exchange efficiency can be quantified via the
NrreT/Neys ratio. For the exchange of fully paired dsDNA,
hRADS1 mutants 273-VG-274 and 273-PG-274 exhibited
higher exchange efficiencies of 40 + 1% and 59 £ 2%, re-
spectively, in comparison with the hARADS1 wt 273-VD-274
and mutant 273-PD-274 showing efficiencies of 25 £ 1%
and 19 £ 1%, respectively (Figure 3E and Supplementary
Figure S4E). Moreover, the exchange efficiencies of fully
paired dsDNA were noticeably higher than that of 8nt-
paired dsDNA for all constructs in hRADSI variants. The
exchange efficiencies of 273-VG-274 and 273-PG-274 with
8nt-paired dsDNA decreased by 2.7- and 2.4-fold (15 + 1%
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and 24 £ 2%), respectively; whereas the exchange efficien-
cies of wt 273-VD-274 and 273-PD-274 with 8nt-paired ds-
DNA decreased by 13.2- and 10.6-fold (1.9 £+ 0.3% and
1.8 £ 0.2%), respectively. These phenomena suggested that
the hRADS1 mutants 273-VG-274 and 273-PG-274 were
more tolerant to mismatches.

A similar trend of strand exchange efficiencies was ob-
served among hDMCI variants (Figure 3F and Sup-
plementary Figure S4H). The strand exchange efficiency
of hDMC1 mutant 274-VG-275 decreased 6.7-fold from
50 + 7% with fully paired dsDNA to 7.5 £+ 0.4% with
8nt-paired dsDNA, and hDMC1 wt 274-PG-274 decreased
from 45 + 1% to 20 £ 1% (2.3-fold), supporting their mod-
erate sensitivity toward a single mismatched base pair. In
contrast, the exchange efficiencies of hDMC1 274-VD-275
and 274-PD-275 with fully paired dsDNA were 6.6 & 1.2%
and 5.6 £ 0.4%, respectively. The values further decreased
by 13.2- and 14-fold to 0.5 £ 0.1% and 0.4 + 0.2%,
respectively, with 8nt-paired dsDNA. The behaviors of
hDMCI1 mutants 274-VD-275 and 274-PD-275 are similar
to hRADS51 wt 273-VD-274 and mutant 273-PD-274, i.c.
less capable of triggering strand exchange and notably sen-
sitive to mismatches. We also used the smFRET assays to
quantify the exchange rates by measuring the appearance
rate of stable FRET signals between strands I and C after
injecting the fully paired dsDNAs to the immobilized presy-
naptic complexes (Figure 3G-J). Our results therefore indi-
cated a strong correlation between the strand exchange rate
and the exchange efficiency (Table 1).

To examine and quantify mismatch tolerance of hRADS1
and hDMCI variants, a single-base mismatch was intro-
duced in the center of a 13 nt-paired dsDNA to generate 6—
6nt paired dsDNA (Figure 3K; Supplementary Figure S4C,
F and I). In addition, 6nt-paired dsDNA which does not
meet ‘8 nt- microhomology’ was also examined (Figure 3M;
Supplementary Figure S4D, G and J). Consistent with pre-
vious data using 8nt-paired dsDNA containing mismatches
in both ends, hDMCI1 wt displayed higher mismatch toler-
ance to the mismatch containing dsDNA (6-6nt paired ds-
DNA) than hRADS1 wt. In addition, the constructs with
PG were more likely to overcome the single-base mismatch
to form stable complexes than the VD constructs (Figure
3L). Therefore, residues VD and PG strongly affect the
strand exchange efficiency and mismatch tolerance of both
hRADS51 and hDMCI1.

The negatively charged asparate in Loop2 of Rad51 as the
key residue of strand exchange accuracy

As described above, the hRADS51 and hDMCI1 variants of
VG and PG both displayed higher mismatch tolerance than
the variants of VD and PD, indicating that the conversion
of G to D plays critical roles to regulate the strand ex-
change accuracy. To further understand the importance of
D274 of hRADSI1, we mutated D274 to lysine with an op-
posite electric charge (273-VK-274) or to asparagine with-
out electric charge (273-VN-273) but both with similar side
chain dimensions of the aspartate. The smFRET assay mea-
surements showed similarly high mismatch tolerances of
hRADS1 273-VK-274 (44 + 1% with fully paired dsDNA
and 21 £ 1% with 8 nt-paired dsDNA, 2.1-fold decrease)
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Figure 3. smFRET assays to quantify the efficiency and rate of strand exchange for hARADS1 and hDMCI variants. (A) Cartoon illustration of strand ex-
change with fully paired dsDNA. (B) Distribution of snFRET and a corresponding single-molecule fluorescence trajectory after strand exchange mediated
by hRADS1 wt with fully-paired dsDNA. R represents hARADS1. (C) Cartoon illustration of strand exchange with 8nt-paired dsDNA. (D) Distribution of
smFRET and a corresponding single-molecule fluorescence trajectory after strand exchange mediated by hRADS51 wt with 8nt-paired dsDNA. (E and F)
The strand exchange efficiencies mediated by hRADS1 (E) and hDMCI variants (F). 273-VD-274 is hARADS1 wt and 274-PG-275 is hDMC1 wt. The error
bars denote the SEM of six repeats of experiment. (G and H) Cartoons illustration of the smFRET assay and a corresponding single-molecule trajectory to
capture strand exchange rate of fully paired dsDNA. Cy3-labeled dsDNA was injected into flow channels containing Cy5-labeled immobilized presynaptic
complex while fluorescence signals of Cy3 and Cy5 were recorded. Strand exchange leads to appearance of fluorescence and FRET signals indicated by
the arrow. (I and J) Time-dependent normalized accumulative counts of appeared FRET spots in the presence of fully paired dsDNA with hRADS51 (I)
and hDMCI (J) variants. Color codes are the same as in (E) and (F). The error bars denote the SEM of more than three repeats of experiment. (K and
L) Cartoon illustration of strand exchange with 6nt-paired dsDNA, and an individual mismatch-containing ‘6-6nt paired’ dsDNA. (M) Strand exchange
efficiencies of different dsDNAs of (K and L) mediated by hRADS1 wt, and 273-PG-274; and hDMC1 wt, and 274-VD-275. The error bars denote the
SEM of six repeats of experiment.



and hRADS1 273-VN-274 (38 £+ 1% for fully paired ds-
DNA and 17.3 £ 0.5% for 8 nt-paired dsDNA, 2.2-fold de-
crease) as those of hRADS1 mutant 273-VG-274 and 273-
PG-274, whose tolerances are significantly higher than that
of hRADS1 wt 273-VD-274 (Figure 3E and Table 1). These
results further emphasized that D274 in Loop2 plays a key
role to restrict the exchange efficiency and to proofread ex-
change accuracy in hRADS1 wt, whereas other substitutes
all lost the proofreading capability.

The above results are in line with the structural analy-
sis and MD simulation that revealed a strong electrostatic
interaction of D274 in Loop2 with R235 in Loopl (22),
but D274 barely binds to DNA (Supplementary Table S3,
lower contribution from D274 to stabilize DNAs for all
constructs). This also indicates that the effect of D274 to
mismatch tolerance is R235-dependent. Indeed, a m—m in-
teraction of R235 to neighboring triplets is coupled with
the R-D interaction in hRADS51 wt (Figure 4A). When
a mismatch-containing dsDNA is recruited, the flipping-
out and disordered complementary strand could easily es-
cape from that w— stabilization and coupled DNA bind-
ing capability of R235 disappeared because of no flexibility
of R-D interaction in hRADS1 wt, resulting in conforma-
tional change of R to mismatch containing DNA triplets
(Figure 4D) and low mismatch tolerance. This is also sup-
ported by the binding free energies of different residues to
DNAs (Supplementary Table S3). The binding free energy
of R235 clearly is higher with fully paired DNA (—10.82
kcal/mol) than with mismatched DNA (—9.46 kcal/mol)
in hRADSI1 wt. The same is true in hRADS1 273-PD-274
(—10.90 kcal/mol of fully paired DNA to —10.04 kcal/mol
of mismatched DNA). Therefore, this R-D interaction indi-
cates a potential barrier for stabilization of the mismatch-
containing complementary strand (Supplementary Video
S2). On the other hand, when the variants do not contain
this negatively charged aspartate in the Loop2, the bind-
ing free energy contribution of R235 barely changed from
fully paired DNA to mismatched DNA in both hRADS51
273-PG-274 (—10.03 to —10.09 kcal/mol) (Figure 4C and
F) and 273-VG-274 (—8.74 to —8.28 kcal/mol) (Supple-
mentary Figure S5B), indicating a minimal perturbation
of the R235 interaction with mismatched DNA in the ab-
sence of the rigid R-D electrostatic pairing. Thus, PG and
VG displayed significantly higher mismatch tolerance dur-
ing strand exchange.

The similar trend could also be found in hDMC1 vari-
ants. R236 in hDMCI1 wt was also observed to provide sta-
bilization for homologous complementary strand, but this
was not restrained by G275 or P274 (Figure 4B and Sup-
plementary Table S4). However, compared with the binding
free energy of the fully paired DNA, that of the mismatched
DNA by R236 decreased (—6.59 to —10.73 kcal/mol). Be-
sides, P274 also became more stable to bind mismatch
containing DNA (—1.41 to —2.69 kcal/mol) (Figure 4E
and Supplementary Figure S5A). The binding free energy
of R236 hardly changed in 274-VG-275 (—10.06 to —9.2
kcal/mol), which is also consistent with hRADS1 273-VG-
274 variant. As predicted, the binding free energy of R236
to mismatched DNA increased in 274-PD-275 (—10.68 to
—9.2 kcal/mol) and 274-VD-275 (—8.86 to —8.2 kcal/mol)
variants, indicating a loss of R236’s stabilization to the mis-
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match containing DNA caused by the introduction of D275
mutation.

In conclusion, the two residues VD (hRADSI1), corre-
sponding to PG (hDMC1) in Loop2 region could affect
the mismatch tolerance of the two recombinases through
an interaction with the Loop! region R235 (or R236). R235
could facilitate the complementary strand binding when en-
countering the fully paired DNA through m—r interaction.
However, the rigid electrostatic interaction formed by R-D
may prevent R235 from binding to the loose and flexible
mismatch containing complementary strand. Additionally,
V and P could both directly stabilize DNA during strand
exchange, while P appears even stronger than V for bind-
ing mismatch containing DNA (Figure 2D; Supplementary
Tables S3 and S4).

DISCUSSION

HR of DNA repair in eukaryotic cells is mainly conducted
by two recombinases, Rad51 and Dmcl. Rad51 is not only
responsible for DNA double-strand break repair in mito-
sis, for example, repairing interrupted replication forks oc-
curring in G2/S phase (63,64) but has also been identified
during meiosis to facilitate HR mediated by Dmcl (18,65).
However, the only function of Dmcl is to mediate HR be-
tween parental chromosome for genetic diversity in meio-
sis I (66). The crucial difference between Rad51 and Dmcl
is the mismatch tolerance during strand exchange, which is
the central step of HR. Here, we integrated cryo-EM, MD
simulation and smFRET assays to provide a comprehensive
view at atomic and molecular levels to elucidate how two
key residues in Loop2 region P274 and G275 of hDMClI
dominate the mismatch tolerance hDMCI. One very recent
study (24) provided the high resolution of hDMC1-DNAs
complexes by cryo-EM which verified the authenticity of
our MD simulation of hDMC1-DNAs complexes. Further-
more, the same work also proposed a decisive role of R-D
interaction for fidelity governing during strand exchange. In
addition, our work suggested that, in the absence of this crit-
ical D-R interaction, a relatively weak interactions either
from V or P could preserve the w—r interaction between R
and mismatch-containing complementary strand.

During strand invasion, the base-flipping of the first two
bases in a triplet of the complementary strand to pair with
the invading strand is rapid, while flipping and pairing
of the third base within that triplet is slow and the rate-
limiting step (2,67). According to our simulation results, we
suggested that the electrostatic interaction between D274
and R235 could be the reason to cause the slow base flip-
ping of the third bases to slow down the speed of strand
exchange and to guarantee fidelity (31,68) (Figure 4G).
Furthermore, our smFRET assays underline the impor-
tance of ‘8 nt-microhomology’ required for DNA strand ex-
change because this process rarely occurs with 6nt-paired
dsDNAs in our smFRET assay for both hRADS1 wt and
hDMCI1 wt.

Our smFRET assays also clearly showed, for both
hRADI and hDMCI, that PG variants displayed higher ex-
change efficiencies than VG variants, supported by strand
exchange efficiency of 8 nt-paired group (Figure 3E and
F). We used MD to illustrate the intrinsic difference be-
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tween PG and VG. In the absence of the strong interac-
tion of R-D which dominates the mismatch tolerance dur-
ing exchange, the oxygen in the main chain of P274 could
form another weaker interaction with the guanidine group
of R236 in hDMC wt (Figure 4E and Supplementary Fig-
ure S5A), and same interaction was also found between
V274 to R235 in hRADS1 273-VG-274 (Supplementary
Figure S5B). The distance of that O and -NH in PG vari-
ants was uniformly arranged around 2.8 A (Supplementary
Figure S5D), forming the hydrogen bond to stable R235.
However, the distance of O and -NH in VG variants is not
only displayed in 2.8 A but also fluctuated around 4-6 A,
even achieving a long distance around 16 A (Supplemen-
tary Figure SS5E), indicating the unstable interaction for
R235. Therefore, to examine differences of exchange effi-
ciencies between PG and VG, we hypothesize that the stable
interaction of P-R to keep R in the more suitable confor-
mation for coupled mismatch containing dSDNAs binding,
leading to higher exchange efficiency of 273-PG-274. Con-
versely, V-R interaction is relatively weaker and unable to
keep the proper conformation of R235 for mismatch con-
taining dsDNA binding (Supplementary Figure S5C). Fur-
thermore, hRADSI variant 273-PG-274 exhibited a better
defined electron density of Loop2 than that of hRADS1 wt,
probably due to more dsDNA captured by hRADS51 273-
PG-274 to stabilize the Loop2 region in the postsynaptic
complex (Supplementary Figure S3L-0). Together, our re-
sults elucidated how the efficiency and accuracy of strand
exchange are tuned by the PG/VG in Loop2 of two recom-
binases in the absence of the critical D-R interaction. The
conserved G275 among eukaryotic Dmcl would impose lit-
tle effect on DNA—protein interactions because of its negli-
gible side chains. It is possible that if change this G to other
residues, especially amino acids with large side chains, the
DNA-protein interaction could be disturbed, which might
cause Dmcl less tolerant to mismatches.

Itis found that Loop! and its key residues were crucial for
DNA exchange and mismatch tolerance during HR (32,69).
The compound RS-1, specifically stimulating the hRADS1
DNA binding during strand exchange (36), is verified in
hRADS51-ssDNA-RS-1 structure that RS-1 is located close
to Loopl of the adjacent hRADS]1 in this assembled he-
lical style rather than in single protomer binding (Figure
1C) and might facilitate the stability of Loop1 region which
is very important for DNA binding (22). Recently, some
further insight was obtained regarding the coordination of
Loopl and Loop?2 regions to acquire mismatch tolerance
(70). Moreover, our results demonstrated that the Loopl
region does not work independently, and Loop2 serves as
a proofreading checkpoint during strand exchange via its
interactions with Loopl whose residues contribute more
for DNA binding than those of Loop2 (Supplementary Ta-
bles S3 and S4). The tight coupling of R235 with D274 in
hRADSI, corresponding to R236 with P274 in hDMCI,
underlines the importance of cooperation of the two loop
regions for fidelity control of these recombinases (Figure 4).

HR between different parental alleles by chromatid
crossover during meiosis is mainly mediated by Dmcl,
which is essential to permit heterologous DNA exchange to
promote the genetic diversity after chromosomal segrega-
tion. However, the high mismatch tolerance could give rise
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to genome instability by permissive gross and abundant re-
peats (71). This dilemma is likely solved by a cooperative
functional pattern between Dmc1 and Rad51. Rad51 could
be an accessory factor of Dmcl (18) for preventing accumu-
lation of abundant recombination products and facilitating
the efficient cross-over region formation mediated by Dmcl.
Successful genetic recombination and inheritance requires
precise regulation of the cooperation of Dmcl and Rad51
during meiosis HR, the mechanism of which is worth more
exploration and studies in the future.
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