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the post-synaptic Function of 
Brca2
Charles X. Wang1,2,4, Judit Jimenez-Sainz3, Ryan B. Jensen3 & Alexander V. Mazin1

Homologous Recombination (HR) is a high-fidelity process with a range of biologic functions from 
generation of genetic diversity to repair of DNA double-strand breaks (DSBs). In mammalian cells, 
BRCA2 facilitates the polymerization of RAD51 onto ssDNA to form a presynaptic nucleoprotein 
filament. This filament can then strand invade a homologous dsDNA to form the displacement loop 
(D-loop) structure leading to the eventual DSB repair. Here, we have found that RAD51 in stoichiometric 
excess over ssDNA can cause D-loop disassembly in vitro; furthermore, we show that this RAD51 
activity is countered by BRCA2. These results demonstrate that BRCA2 may have a previously 
unexpected activity: regulation of HR at a post-synaptic stage by modulating RAD51-mediated D-loop 
dissociation. Our in vitro results suggest a mechanistic underpinning of homeostasis between RAD51 
and BRCA2, which is an important factor of HR in mammalian cells.

Double-strand breaks (DSBs) represent the most lethal type of DNA damage occurring in the cell approximately 
50 times per cell cycle1. If unrepaired or repaired erroneously, DSBs may cause cell death or genome rearrange-
ments leading to tumorigenesis2. Homologous Recombination (HR) is the pathway that repairs DSBs with high 
fidelity3. In human cells, HR primarily proceeds with RAD51 protein binding to the ssDNA tails generated by 
resection of DSB ends to form a nucleoprotein filament. BRCA2, assisted by DSS1, facilitates this process by 
helping RAD51 to overcome the competition from Replication Protein A (RPA), a ubiquitous ssDNA binding 
protein4–6. Furthermore, BRCA2 helps to stabilize the RAD51-ssDNA filament by inhibiting the RAD51 ATPase 
activity4,5. These functions of BRCA2 depend on the BRC repeats, eight conserved motifs of approximately 35 
amino acid residues each, that are responsible for interaction with RAD517. Of the eight BRC repeats, BRC4 has 
the greatest affinity to RAD518; individual BRC4 polypeptide can stimulate RAD51-ssDNA filament formation 
in vitro4.

During synaptsis, the RAD51-ssDNA filament searches for a homologous sequence in dsDNA and invades it 
to form the D-loop structure9. The homologous DNA within D-loops serves as a template for DNA polymerase 
to extend the invading ssDNA. After polymerase extension, the ssDNA dissociates from the D-loop and anneals 
to the second resected end of the DSB. This D-loop dissociation represents an important step during HR, which 
prevents formation of crossovers in mitotically dividing cells or reduces their formation to the optimal level dur-
ing meiosis10,11.

Several helicase-like proteins or topoisomerases, including RAD54, Top3-Rmi1, BLM, RTEL1, and Mph1 are 
capable of dissociating D-loops11–15. Here, we demonstrate that RAD51 itself can dissociate the D-loops in vitro. 
Furthermore, we show that BRCA2 can control this dissociation. Previously, it has been shown that the home-
ostasis between RAD51 and BRCA2 plays an important role in HR in human cells16,17, however until now this 
observation lacked a clear molecular underpinning. Our current results may provide a molecular mechanism for 
this homeostasis. Maintaining the optimal RAD51/BRCA2 balance may be important for the formation of the 
active RAD51-ssDNA filament during presynaptic stage and for the proper timing of D-loop dissociation at the 
post-synaptic stage of DNA strand exchange.

Results
RAD51 can promote D-loop dissociation. First, we initiated RAD51-promoted D-loop formation 
between ssDNA (oligo #160; 3 µM, nt; Table S1) and homologous plasmid pUCFBR scDNA (6.25 µM, nt). D-loop 
formation proceeded for 4 min to reach the maximal extent (~45–50%), then an additional amount of RAD51 
was added to the ongoing reaction (Fig. 1a). We found that RAD51 (1 µM) does indeed dissociate its own D-loops 
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(Fig. 1b-left panel,c). As a control, the addition of the RAD51 storage buffer did not have any effect on the D-loop 
yield indicating that the effect was intrinsic to RAD51 (Fig. 1b-right panel,c). D-loop dissociation by RAD51 was 
significantly reduced when RAD51 was pre-incubated with a scavenger heterologous pUC19 scDNA prior to 
addition to the D-loop reaction. This suggests that direct RAD51 binding to the D-loop is required for its disso-
ciation (Fig. 1b-middle panel,c). A possibility that D-loop dissociation was caused by nicking of plasmid scDNA 
by contaminating nucleases was ruled out because no degradation or relaxation of superhelical plasmid DNA was 
seen in the agarose gels stained with ethidium bromide (EtBr) (Fig. S1). To evaluate the capability of RAD51 in 
dissociating D-loops, we deproteinized and purified RAD51-generated D-loops and subjected them to incubation 
with the varying quantities of RAD51 (Fig. S2a). We found that RAD51 dissociates D-loops in a concentration 
dependent manner, where 0.5 µM RAD51 was sufficient to achieve full dissociation of 25 µM (nt) of D-loops. (Fig. 
S2b,c). This RAD51 activity to dissociate the very D-loops that it produces may represent an important self-reg-
ulatory mechanism of HR.

dsDNA unwinding by RAD51 is critical to D-loop dissociation. It is known that removal of negative 
superhelicity or generation of positive superhelicity in plasmid DNA destabilizes D-loops18. Therefore, we sug-
gest that the ability of RAD51 to dissociate D-loops may be related to an intrinsic ability to unwind dsDNA; this 
DNA unwinding by RAD51 generates compensatory positive superhelical twists in plasmid DNA causing D-loop 
dissociation19.

To test this hypothesis, we used RAD51 mutant proteins, RAD51 K133R and RAD51 K133A. Both these 
proteins bind dsDNA, whereas only RAD51 K133R, but not RAD51 K133A, is proficient in dsDNA unwind-
ing19 (Fig. S3b). We found that K133R, but not RAD51 K133A, promotes D-loop dissociation similar to wild 
type RAD51 (Fig. 2). Furthermore, when BRC4 was pre-incubated with wild type RAD51, BRC4 prevented the 
unwinding of dsDNA (Fig. S3c). Together, these data indicate that the DNA unwinding activity of RAD51 is 
required for D-loop dissociation.

BRCA2 controls D-loop dissociation by RAD51. To promote DNA strand exchange in vitro, RAD51 
needs to be present in a stoichiometric amount relative to ssDNA, which is 1 RAD51 monomer per 3 nt of 
ssDNA20. Previous work has demonstrated that the presence of excessive amounts of RAD51 can inhibit DNA 
strand exchange21. Binding of free excessive RAD51 to the donor dsDNA may prevent its productive interactions 
with the RAD51-ssDNA filament during the search for homology explaining the inhibitory effects. However, here 
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Figure 1. RAD51 promotes D-loop dissociation. (a) Scheme of D-loop dissociation by RAD51. The asterisk 
in this and following schemes indicates 32P-label on ssDNA. (b) Addition of RAD51 (1 µM) to the RAD51-
generated D-loops on pUCFBR DNA (6.25 µM, nt) causes their dissociation. As controls, either RAD51 (1 µM) 
premixed with heterologous pUC19 scDNA (43.75 µM, nt) or RAD51 storage buffer were added to the reactions 
at the indicated time point. These and all subsequent D-loops were analyzed by autoradiography of 1% agarose 
gels following gel-electrophoresis and expressed as a percentage of the total homologous plasmid DNA (limiting 
factor). “0” time point on the graph corresponds to the initiation of D-loop formation. (c) The data from (b) 
represented as a graph. The vertical arrow marks addition of RAD51, RAD51 + pUC19, or buffer. Error bars 
indicate standard error of the mean (SEM); the experiments were repeated at least three times.
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we find that RAD51 may have a post-synaptic mechanism of action; actively dissociating D-loops, the product of 
DNA strand invasion, through DNA binding and unwinding activity. In early studies, it was shown that RecA, a 
bacterial homolog of RAD51, can also perform this action18.

BRCA2 is an important mediator protein that promotes RAD51 filament formation on ssDNA helping it to 
overcome inhibition by Replication Protein A (RPA), a ubiquitous ssDNA binding protein4,5. Previously, it was 
shown that BRCA2 directly binds RAD51 through BRC repeats and selectively targets RAD51 to ssDNA reducing 
non-productive interactions with dsDNA4,5,7,22. There are eight BRC repeats in human BRCA2 encoded by exon 
11, with BRC4 having the greatest affinity for RAD518. BRCA2 helps stabilize the RAD51-ssDNA filament by 
inhibiting RAD51 ATPase activity4,5. Here, we wanted to assess the ability of BRCA2 to counter D-loop dissocia-
tion by RAD51 through binding to this protein.

D-loops were formed by the addition of pUCFBR (0.25 µM, nt) to nucleoprotein filaments produced by 
RAD51 (40 nM) binding to ssDNA (0.12 µM, nt). The D-loops were then subjected to incubation with mixtures 
of BRCA2 and RAD51, in which the RAD51 concentration was varied (Fig. 3a). In the absence of BRCA2, RAD51 
was able to dissociate D-loops under these conditions (Fig. 3b,c, lane 2). Furthermore, we found that BRCA2 can 
fully protect D-loops from dissociation by RAD51 (Fig. 3b,c, lane 3). The strongest protective effect of BRCA2 was 
observed at the stoichiometry of 3 BRCA2 per 1 RAD51. By increasing the concentration of RAD51 the protective 
effect of BRCA2 was extinguished. This 3:1 stochiometric requirement for BRCA2 that carries 8 BRC repeat sug-
gests that either not all BRCA2 molecules were active, or only the BRC repeat with the highest affinity for RAD51, 
like BRC4, was able to bind RAD51 under our experimental conditions.

To test whether the RAD51-BRC interaction was necessary and sufficient for the protective effect of BRCA2, 
we used the purified BRC4 peptide, as BRC4 showed the strongest interaction with RAD51 among all BRC 
repeats and is used as a proxy for BRCA2 when examining interactions with RAD514,5,22. D-loops were formed 
by the incubation of pUCFBR (6.25 µM, nt) with RAD51-ssDNA filaments produced by RAD51 (1 µM) with 
ssDNA (3 µM, nt). We found that BRC4 alone can protect the D-loops from dissociation by RAD51 in a concen-
tration dependent manner (Fig. 3d,e). A three-fold excess of BRC4 over RAD51 caused full D-loop protection; 
but even at a 2:1 BRC4:RAD51 ratio, BRC4 protected 70% of D-loops (Figs 3d,e and S4b,c). In contrast, RAD52, 
another HR protein that interacts with RAD5123, did not have any significant protective effect even at a 3-fold 
molar excess (Fig. S4b,c, lane 10). Furthermore, the effect of BRCA2 to control dissociation of RAD51-generated 
D-loops relies on specific RAD51-BRC interactions, as BRC4 had no effect on RAD54-mediated12 dissociation 
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Figure 2. Effect of the RAD51 K133A and K133R mutations on D-loop dissociation. (a) Experimental scheme. 
(b) The kinetics of D-loop dissociation by RAD51, or the RAD51 K133A or K133R mutants. The addition of 
RAD51 (0.5 µM) or RAD51K133R (0.5 µM), but not RAD51K133A (0.5 µM), causes dissociation of RAD51-
generated D-loops. As a control, the RAD51 storage buffer was used. D-loop dissociation was initiated at 
“4 min” time point since the beginning of D-loop formation. (c) Graphical representation of the data from panel 
(b). Error bars indicate SEM; the experiments were repeated at least three times.
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of RAD51-bound D-loops regardless of the presence or absence of EGTA that destabilizes the RAD51-DNA fila-
ment by chelating calcium ion (Fig. S5).

BRC4 effect on RAD51 D-loop yield depends on RAD51 concentration. We then investigated whether  
BRC4 has a protective effect against D-loop dissociation by RAD51, when it is present during RAD51-ssDNA fila-
ment assembly (Fig. 4a), which likely mimics the conditions in vivo24. First, we determined that 1.5-fold excess of 
RAD51 (1.5 µM) over its optimal concentration (1 µM, or 1 RAD51 monomer per 3 nt of ssDNA) during filament 
assembly decreased the D-loop yield to nearly undetectable levels (Fig. S6). This decrease was consistent with 
D-loop dissociation by RAD51 unbound to ssDNA. At 1.5-fold RAD51 excess, BRC4, when added during fila-
ment assembly, rescued D-loop formation in a concentration-dependent manner (Figs 4b; and S7-right panels). 
The rescue effect of BRC4 was the same regardless of whether BRC4 was pre-incubated first with RAD51 (Fig. 4b, 
closed squares) or added to ssDNA together with RAD51 (Fig. 4b, open squares). These results are consistent with 
the ability of BRC4 to stimulate D-loop formation post-synaptically by removing the RAD51 excess. In contrast, 
when BRC4 was added to the reaction at the optimal RAD51 concentration (1 µM), there was nearly no effect on 
the D-loop yield (Figs 4b, open circles; S7a). Consistent with the previous observations4, this results suggests that 
the rate of RAD51 oligomerization is considerably faster than RAD51-BRC4 interaction. However, if BRC4 was 
pre-incubated with RAD51 (1 µM) prior to their addition to ssDNA, there was a precipitous drop in the D-loop 
yield (Figs 4b, closed circles; S7b) consistent with disruption of RAD51-ssDNA filament formation through bind-
ing of BRC4 to the RAD51 monomer-monomer interface22.

BRCA2 (nM)
RAD51 (nM) 17 50 150

50 50 50
170

0 0

4321 5

db

c

D-loops

ssDNA

a RAD51 ±
BRCA2 or 

BRC4 +
*

Dissociated D-loop

*

e

Lanes 43 5 6 7 8 921

BRC4 (µM)
RAD51 (0.4 µM)

0.10 0.2 0.4 0.8 1.2 1.20
- + + + + + -+

N
o 

R
xn

D-loops

ssDNA

Lanes

Pre-formed
D-loops

1 2 3 4 5

D-
lo

op
 (%

)

***
***

***

1 2 3 4 5 6 7 8 9
D-

lo
op

 (%
)

****

Figure 3. BRCA2 prevents D-loop dissociation by RAD51. (a) Experimental scheme of post-synaptic addition 
of BRCA2/BRC4 and RAD51. (b) Effect of BRCA2 on D-loop dissociation by RAD51. BRCA2 and RAD51 in 
the indicated concentrations were pre-incubated prior to addition to the pre-formed D-loops. (c) Data from 
(b) represented graphically. (d) Effect of BRC4 on D-loop dissociation by RAD51. BRC4 in the indicated 
concentrations was pre-incubated with RAD51 prior to addition to the pre-formed D-loops. Lane 1 (“No Rnx”) 
represents protein-free control. Lanes 2 and 9 represent D-loops not subjected to excess RAD51. (e) Graphical 
representation of data from (d). Error bars indicate SEM and the experiments were repeated at least three times. 
*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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Discussion
Our current results show that RAD51 can actively dissociate D-loop through unwinding of dsDNA. D-loop 
dissociation requires ATP binding by RAD51, but not ATP hydrolysis. We also show that BRCA2 may have a 
post-synaptic function in HR by modulating D-loop dissociation. Thus, BRCA2 can prevent D-loop dissociation 
by direct interaction with RAD51.

Our current results provide biochemical evidence that BRCA2-RAD51 homeostasis is crucial for HR control 
at the site of DNA damage (Fig. 5) as previously proposed by Baker and co-workers using cellular assays16,17. 
As D-loop dissociation is the delineation between the Synthesis Dependent Strand Annealing (SDSA) and the 
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Double-Strand Break Repair (DSBR) pathway, this fine-tuning mechanism based on the RAD51/BRCA2 balance 
may also contribute to the choice between these two pathways to control cross-overs that are generated in DSBR 
pathway, thereby maintaining genomic integrity25,26. While there are multiple helicases11–15,27,28 that may disso-
ciate D-loops, they all require additional spatiotemporal recruitment which is not needed for RAD51/BRCA2 
because they are already present at the DSB repair site.

Several reports indicate that the balance between BRCA2 and RAD51 is an important factor in HR. RAD51 
expression was found elevated in a wide range of tumors29, which is thought to increase the DNA repair efficiency 
by HR causing higher resistance to chemo- and radiation therapy30. However, RAD51 overexpression in cells has 
led to conflicting reports showing either decrease16,31,32 or increase17,30,33,34 in HR efficiency. Our current results 
provide a rationale for this apparent controversy. An increase in RAD51 concentration without the correspond-
ing increase of BRCA2 results in dissociation of D-loops by RAD51, whereas an excess of BRCA2/BRC4 inhibits 
RAD51 filament formation and the D-loop yield, e.g., when BRC4 was pre-incubated with the optimal RAD51 
(1 µM) concentration prior to addition to ssDNA (Figs 4b and S7). In both cases, it is expected that HR would be 
inhibited in vivo (Fig. 5, inset). In contrast, we expect that an increase in BRCA2 expression concomitant with the 
RAD51 increase, would neutralize the dissociative effect of RAD51 leading to an overall increase of HR4,5. These 
predictions from our in vitro results are consistent with available cellular data. An increase in HR was observed 
when both RAD51 and BRCA2 expression levels were increased32; whereas a decrease in HR was observed when 
RAD51 was overexpressed with no change in BRCA2 expression17, or when BRCA2/BRC4 was overexpressed 
with no change in RAD51 levels16,35.

Previous work from the Jasin lab demonstrated an inverse relationship between canonical HR and the 
error-prone Single-Strand Annealing (SSA) pathway36. When RAD51 or BRCA2 was impaired, the HR was 
reduced but SSA was increased. Taken together, these data and our current biochemical results suggest that shift-
ing the optimal RAD51/BRCA2 balance may not only decrease the HR but cause an increase in SSA.

Lastly, our findings also apply to HR-based genome editing tools such as CRISPR systems, as one of the lim-
itations for this technology is the low incidence of HR. While current approaches are focused on diversion of 
DSB repair away from Non-Homologous-End-Joining (NHEJ) and towards HR37,38, it would be attractive to 
complement these approaches by increasing overall HR efficiency. Our results imply that this can be achieved by 
coordinated overexpression of key HR proteins, like RAD51 and BRCA2.

Methods
Proteins and DNA. Human RAD51, RAD51 K133A, RAD51 K133R39, RAD5440, BRC44, BRCA25 were puri-
fied as described previously. [γ-32P] ATP was purchased from PerkinElmer Life Sciences. The oligonucleotide 
sequences used in the study are presented in Table S1. The oligonucleotides (IDT.Inc.), pUC19, pUCFBR were 
purified as described previously39. 3′-tailed dsDNA substrate was prepared by annealing of equimolar (mole-
cules) amounts of complementary oligonucleotides #209 and #199. pUCFBR DNA was constructed by inserting 
84 bp (Sall/HindIII) fragment from ϕX174 and 658 bp (EcoRI/Sall) fragment from pBR327 into pUC19 (Fig. S8). 
Unless indicated otherwise, the DNA concentrations are expressed as moles of nucleotide.

D-loop formation. To form the nucleoprotein filament, 32P-labeled ssDNA (3 µM, nt #160) was incubated 
with RAD51 (1 µM) in buffer containing 25 mM Tris-acetate, pH 7.5, 20 mM KCl, 1 mM DTT, 1 mM ATP, 
100 µg ml−1 BSA, and 2 mM CaCl2. As we showed previously, Ca2+ increases the efficiency of D-loop formation 
by RAD51 and reduces dissociation of RAD51 from DNA39. Unless otherwise indicated, the mixture was incu-
bated for 15 min at 37 °C. To form D-loops, homologous pUCFBR (6.25 µM, nt) scDNA was added to the mixture 
and incubated at 37 °C for the indicated period. When D-loops were produced using 3′-tailed dsDNA (#209/199, 
30 nM, molecules or 3 µM nt/bp), the reaction was initiated by addition of homologous pUC19 scDNA (50 µM, 
nt). All reactions were terminated by addition of 1% SDS and 880 µg ml−1 proteinase K, followed by incubation 
for a minimum of 10 min at 37 °C. 0.1 volume of loading buffer (70% glycerol and 0.1% bromophenol blue) was 
added, and the samples were analyzed by electrophoresis (10 V cm−1 for 1.5 h) in a 1% agarose gel in TAE buffer 
(40 mM Tris acetate, pH 8.0 and 1 mM EDTA). Gels were dried on DEAE paper, the 32P-radioactivity bands were 
visualized by Typhoon FLA 7000 and quantified by ImageQuant TL. The D-loop yield is expressed as a percentage 
of plasmid DNA molecules carrying D-loops relative to the total plasmid DNA. It was calculated using the for-
mula: [X/(X + Y)*100%]*Z. Where, X is the amount of 32P radioactivity in the ssDNA that was incorporated into 
D-loops; Y – is the amount of 32P radioactivity in free ssDNA; Z is the ratio of the molar molecule concentrations 
of ssDNA/plasmid DNA.

When indicated, the agarose gels were stained with Ethidium Bromide (EtBr) (2 µg ml−1) by incubation for 1 h 
followed by destaining with nanopure water for 1 h. The DNA bands were visualized using an AlphaImager 3400 
system. Auto-contrast and/or inversion were applied using Image Ready 7.0 (Adobe).

D-loop dissociation with RAD51, the RAD51 mutants, or RAD54. To dissociate D-loops with 
RAD51, RAD51 K133A, RAD51 K133R, the proteins were directly added to pre-formed D-loops in the D-loop 
formation buffer. The reactions were carried out at 37 °C. When indicated, RAD51 was first incubated with 
BRCA2, BRC4, RAD52 or pUC19 DNA at the indicated concentrations for 15 min on ice in protein dilution 
buffer containing BSA (100 µg ml−1) prior to addition to the D-loops. To dissociate D-loops with RAD54, ATP 
regeneration system was added (0.02 M PhosphoCreatine with 0.03 U Phosphocreatine Kinase) to the reaction 
mixture along with magnesium acetate (1 mM). Before adding RAD54 (50 nM), the temperature of the reaction 
mixture was reduced from 37 °C to 30 °C. The D-loop dissociation reactions proceeded for 10 min (unless other-
wise indicated) and the products were analyzed as described in D-loop formation section.

https://doi.org/10.1038/s41598-019-41054-y


7Scientific RepoRts |          (2019) 9:4554  | https://doi.org/10.1038/s41598-019-41054-y

www.nature.com/scientificreportswww.nature.com/scientificreports/

DNA Unwinding Assay. Relaxed DNA was prepared in a 50 µl reaction mixture by incubating negatively 
supercoiled plasmid pUC19 DNA (0.5 µg) with calf thymus Topoisomerase I (1 Unit; Invitrogen) in buffer con-
taining 50 mM Tris HCl pH 7.5, 50 mM KCl, 10 mM MgCl2, 0.5 mM DTT, 0.1 mM EDTA, 100 µg ml−1 BSA for 
30 min at 37 °C. To test the unwinding activity of RAD51, RAD51 K133A, RAD51 K133R, these proteins were 
incubated with relaxed pUC19 (25 µM, nt) and unlabeled #160 (12.5 µM, nt) in the D-loop formation buffer sup-
plemented with 10 mM magnesium acetate19 for 5 min at 37 °C. When BRC4 was used, the proteins were preincu-
bated with BRC4 on ice for 15 min prior to addition to the reaction. Then, 1 U of calf thymus Topoisomerase I was 
added followed by incubation for 20 min at 37 °C. The reaction was terminated as described in D-loop formation 
section. The samples were analyzed by electrophoresis on 1.5% agarose gel containing TAE (40 mM Tris acetate, 
pH 8.0, and 1 mM EDTA) at 20 V cm−1 for 1.5 h. The gels were stained with Ethidium Bromide (2 µg ml−1) for 1 h 
and destained with nanopure water for 24 h. The DNA bands were visualized using an AlphaImager 3400 system, 
and auto-contrast was applied using Image Ready 7.0 (Adobe).

D-loop deproteinization. D-loops formed, as described in D-loop formation section, were then depro-
teinized by addition of 1% SDS and 880 µg ml−1 proteinase K, followed by incubation for 20 min at 37 °C. The 
deproteinized D-loops were then purified twice by size exclusion chromatography on S-400 spin-columns (GE 
Healthcare) equilibrated with 25 mM Tris-acetate (pH 7.5) buffer. The purified D-loops were then mixed into the 
D-loop formation buffer and used as substrates for RAD51-promoted D-loop dissociation reaction by incubating 
with RAD51 at indicated concentrations. The reactions were terminated and analyzed as described in D-loop 
formation section.

statistical analysis. All statistical analyses were conducted in Prism 5.0 (GraphPad). Significance between 
groups was calculated using ordinary one-way ANOVA. Statistical significance throughout paper is represented 
with ns = p > 0.05, *p < 0.05, **p < 0.01, ***p < 0.001.

Data Availability
The data supporting the findings of this study within the paper and its Supplementary Information files are avail-
able from the corresponding author upon request.

References
 1. Vilenchik, M. M. & Knudson, A. G. Endogenous DNA double-strand breaks: production, fidelity of repair, and induction of cancer. 

Proc. Natl. Acad. Sci. USA 100, 12871–12876 (2003).
 2. Hanahan, D. & Weinberg, R. A. Hallmarks of cancer: the next generation. Cell 144, 646–674 (2011).
 3. Jasin, M. & Rothstein, R. Repair of Strand Breaks by Homologous Recombination. Cold Spring Harb Perspect Biol 5, a012740 (2013).
 4. Carreira, A. et al. The BRC repeats of BRCA2 modulate the DNA-binding selectivity of RAD51. Cell 136, 1032–1043 (2009).
 5. Jensen, R. B., Carreira, A. & Kowalczykowski, S. C. Purified human BRCA2 stimulates RAD51-mediated recombination. Nature 

467, 678–683 (2010).
 6. Zhao, W. et al. Promotion of BRCA2-Dependent Homologous Recombination by DSS1 via RPA Targeting and DNA Mimicry. Mol. 

Cell 59, 176–187 (2015).
 7. Davies, A. A. et al. Role of BRCA2 in control of the RAD51 recombination and DNA repair protein. Mol. Cell 7, 273–282 (2001).
 8. Chatterjee, G., Jimenez-Sainz, J., Presti, T., Nguyen, T. & Jensen, R. B. Distinct binding of BRCA2 BRC repeats to RAD51 generates 

differential DNA damage sensitivity. Nucleic Acids Res. 44, 5256–5270 (2016).
 9. Bell, J. C. & Kowalczykowski, S. C. RecA: Regulation and Mechanism of a Molecular Search Engine. Trends Biochem Sci 41, 491–507 

(2016).
 10. Allers, T. & Lichten, M. Differential timing and control of noncrossover and crossover recombination during meiosis. Cell 106, 

47–57 (2001).
 11. Prakash, R. et al. Yeast Mph1 helicase dissociates Rad51-made D-loops: implications for crossover control in mitotic recombination. 

Genes Dev. 23, 67–79 (2009).
 12. Bugreev, D. V., Hanaoka, F. & Mazin, A. V. Rad54 dissociates homologous recombination intermediates by branch migration. Nat. 

Struct. Mol. Biol. 14, 746–753 (2007).
 13. Fasching, C. L., Cejka, P., Kowalczykowski, S. C. & Heyer, W. D. Top3-Rmi1 dissolve Rad51-mediated D loops by a topoisomerase-

based mechanism. Mol. Cell 57, 595–606 (2015).
 14. Bachrati, C. Z., Borts, R. H. & Hickson, I. D. Mobile D-loops are a preferred substrate for the Bloom’s syndrome helicase. Nucleic 

Acids Res. 34, 2269–2279 (2006).
 15. Barber, L. J. et al. RTEL1 maintains genomic stability by suppressing homologous recombination. Cell 135, 261–271 (2008).
 16. Magwood, A. C., Mundia, M. M. & Baker, M. D. High levels of wild-type BRCA2 suppress homologous recombination. J. Mol. Biol. 

421, 38–53 (2012).
 17. Magwood, A. C. et al. Endogenous levels of Rad51 and Brca2 are required for homologous recombination and regulated by 

homeostatic re-balancing. DNA Repair (Amst) 12, 1122–1133 (2013).
 18. Shibata, T., Ohtani, T., Cleay, P. K. & Ando, T. Role of superhelicity in homologous pairing of DNA molecules promoted by E. coli 

recA protein. J. Biol. Chem. 257, 370–376 (1982).
 19. Chi, P., Van Komen, S., Sehorn, M. G., Sigurdsson, S. & Sung, P. Roles of ATP binding and ATP hydrolysis in human Rad51 

recombinase function. DNA Repair (Amst) 5, 381–391 (2006).
 20. Chen, Z., Yang, H. & Pavletich, N. P. Mechanism of homologous recombination from the RecA-ssDNA/dsDNA structures. Nature 

453, 489–484 (2008).
 21. Mazin, A. V., Zaitseva, E., Sung, P. & Kowalczykowski, S. C. Tailed duplex DNA is the preferred substrate for Rad51 protein-

mediated homologous pairing. EMBO J. 19, 1148–1156 (2000).
 22. Pellegrini, L. et al. Insights into DNA recombination from the structure of a RAD51-BRCA2 complex. Nature 420, 287–293 (2002).
 23. Shen, Z., Cloud, K. G., Chen, D. J. & Park, M. S. Specific interactions between the human RAD51 and RAD52 proteins. J. Biol. Chem. 

271, 148–152 (1996).
 24. Yu, D. S. et al. Dynamic control of Rad51 recombinase by self-association and interaction with BRCA2. Mol. Cell 12, 1029–1041 

(2003).
 25. Stark, J. M. & Jasin, M. Extensive loss of heterozygosity is suppressed during homologous repair of chromosomal breaks. Mol. Cell. 

Biol. 23, 733–743 (2003).
 26. Bzymek, M., Thayer, N. H., Oh, S. D., Kleckner, N. & Hunter, N. Double Holliday junctions are intermediates of DNA break repair. 

Nature 464, 937–941 (2010).

https://doi.org/10.1038/s41598-019-41054-y


8Scientific RepoRts |          (2019) 9:4554  | https://doi.org/10.1038/s41598-019-41054-y

www.nature.com/scientificreportswww.nature.com/scientificreports/

 27. Bugreev, D. V. et al. The resistance of DMC1 D-loops to dissociation may account for the DMC1 requirement in meiosis. Nat. Struct. 
Mol. Biol. 18, 56–60 (2011).

 28. van Brabant, A. J. et al. Binding and melting of D-loops by the Bloom syndrome helicase. Biochemistry 39, 14617–14625 (2000).
 29. Raderschall, E. et al. Elevated Levels of Rad51 Recombination Protein in Tumor Cells. Cancer Research 62, 219–225 (2002).
 30. Vispe, S., Cazaux, C., Lesca, C. & Defais, M. Overexpression of Rad51 protein stimulates homologous recombination and increases 

resistance of mammalian cells to ionizing radiation. Nucleic Acids Res. 26, 2859–2864 (1998).
 31. Kim, P. M., Allen, C., Wagener, B. M., Shen, Z. & Nickoloff, J. A. Overexpression of human RAD51 and RAD52 reduces double-

strand break-induced homologous recombination in mammalian cells. Nucleic Acids Res. 29, 4352–4360 (2001).
 32. Parplys, A. C. et al. High levels of RAD51 perturb DNA replication elongation and cause unscheduled origin firing due to impaired 

CHK1 activation. Cell Cycle 14, 3190–3202 (2015).
 33. Lambert, S. & Lopez, B. S. Characterization of mammalian RAD51 double strand break repair using non-lethal dominant-negative 

forms. EMBO J. 19, 3090–3099 (2000).
 34. Ruksc, A., Birmingham, E. C. & Baker, M. D. Altered DNA repair and recombination responses in mouse cells expressing wildtype 

or mutant forms of RAD51. DNA Repair (Amst) 6, 1876–1889 (2007).
 35. Chen, C. F., Chen, P. L., Zhong, Q., Sharp, Z. D. & Lee, W. H. Expression of BRC repeats in breast cancer cells disrupts the BRCA2-

Rad51 complex and leads to radiation hypersensitivity and loss of G(2)/M checkpoint control. J. Biol. Chem. 274, 32931–32935 
(1999).

 36. Stark, J. M., Pierce, A. J., Oh, J., Pastink, A. & Jasin, M. Genetic steps of mammalian homologous repair with distinct mutagenic 
consequences. Mol. Cell. Biol. 24, 9305–9316 (2004).

 37. Srivastava, M. et al. An inhibitor of nonhomologous end-joining abrogates double-strand break repair and impedes cancer 
progression. Cell 151, 1474–1487 (2012).

 38. Chu, V. T. et al. Increasing the efficiency of homology-directed repair for CRISPR-Cas9-induced precise gene editing in mammalian 
cells. Nat Biotechnol 33, 543–548 (2015).

 39. Bugreev, D. V. & Mazin, A. V. Ca2+ activates human homologous recombination protein Rad51 by modulating its ATPase activity. 
Proc. Natl. Acad. Sci. USA 101, 9988–9993 (2004).

 40. Mazina, O. M. & Mazin, A. V. Human Rad54 protein stimulates DNA strand exchange activity of hRad51 protein in the presence of 
Ca2+. J. Biol. Chem. 279, 52042–52051 (2004).

Acknowledgements
We thank Mikir Patel and Olga Mazina for their technical expertise; all members of Jensen and Mazin lab for 
comments and discussion; Todd Strochlic for critical reading of the manuscript. This work is support by National 
Cancer Institute of the National Institutes of Health (NIH) grant numbers CA188347, P30CA056036 (to AVM.), 
the Drexel-Coulter Program Award (to AVM). Funding for open access charge: National Institutes of Health.

Author Contributions
C.W. and J.J.S. conducted experiments. A.M., R.J., C.W. and J.J.S. designed experiments and analyzed the data. 
A.M. and C.W. wrote the manuscript with input from R.J. and J.J.S.

Additional Information
Supplementary information accompanies this paper at https://doi.org/10.1038/s41598-019-41054-y.
Competing Interests: The authors declare no competing interests.
Publisher’s note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2019

https://doi.org/10.1038/s41598-019-41054-y
https://doi.org/10.1038/s41598-019-41054-y
http://creativecommons.org/licenses/by/4.0/

	The Post-Synaptic Function of Brca2
	Results
	RAD51 can promote D-loop dissociation. 
	dsDNA unwinding by RAD51 is critical to D-loop dissociation. 
	BRCA2 controls D-loop dissociation by RAD51. 
	BRC4 effect on RAD51 D-loop yield depends on RAD51 concentration. 

	Discussion
	Methods
	Proteins and DNA. 
	D-loop formation. 
	D-loop dissociation with RAD51, the RAD51 mutants, or RAD54. 
	DNA Unwinding Assay. 
	D-loop deproteinization. 
	Statistical analysis. 

	Acknowledgements
	Figure 1 RAD51 promotes D-loop dissociation.
	Figure 2 Effect of the RAD51 K133A and K133R mutations on D-loop dissociation.
	Figure 3 BRCA2 prevents D-loop dissociation by RAD51.
	Figure 4 BRC4 has differential effects on D-loop yield depending upon initial RAD51 concentration.
	Figure 5 BRCA2 controls homologous recombination by regulating D-loop dissociation.




