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Introduction

Reactome is open-source, open access, manually curated and peer-reviewed pathway database. Pathway annotations 
are authored by expert biologists, in collaboration with Reactome editorial staff and cross-referenced to many 
bioinformatics databases. A system of evidence tracking ensures that all assertions are backed up by the primary 
literature. Reactome is used by clinicians, geneticists, genomics researchers, and molecular biologists to interpret the 
results of high-throughput experimental studies, by bioinformaticians seeking to develop novel algorithms for mining 
knowledge from genomic studies, and by systems biologists building predictive models of normal and disease 
variant pathways. 
The development of Reactome is supported by grants from the US National Institutes of Health (P41 HG003751), 
University of Toronto (CFREF Medicine by Design), European Union (EU STRP, EMI-CD), and the European 
Molecular Biology Laboratory (EBI Industry program).
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Homologous DNA Pairing and Strand Exchange ↗

Stable identifier: R-HSA-5693579

Compartments: nucleoplasm

The presynaptic phase of homologous DNA pairing and strand exchange begins with the displacement of RPA from 
3'-ssDNA overhangs created by extensive resection of DNA double-strand break (DSB) ends. RPA is displaced by 
the joint action of RAD51 and BRCA2. BRCA2 nucleates RAD51 on 3'-ssDNA overhangs, leading to formation of 
i n v a s i v e  R A D 5 1  n u c l e o f i l a m e n t s  w h i c h  a r e  s t a b i l i z e d  b y  t h e  B C D X 2  c o m p l e x  
(RAD51B:RAD51C:RAD51D:XRCC2). Stable synaptic pairing between recombining DNA molecules involves the 
invasion of the homologous sister chromatid duplex DNA by the RAD51 nucleofilament and base-pairing between 
the invading ssDNA and the complementary sister chromatid DNA strand, while the non-complementary strand of 
the sister chromatid DNA duplex is displaced. This results in the formation of a D-loop structure (Sung et al., 2003). 
PALB2 and RAD51AP1 synergistically stimulate RAD51 recombinase activity and D-loop formation. PALB2 
simultaneously interacts with RAD51, BRCA2 and RAD51AP1 (Modesti et al. 2007, Wiese et al. 2007, Buisson et 
al. 2010, Dray et al. 2010). PALB2 also interacts with BRCA1, and this interaction fine-tunes the localization of 
BRCA2 and RAD51 at DNA DSBs (Zhang et al. 2009, Sy et al. 2009). The CX3 complex, composed of RAD51C 
and XRCC3, binds D-loop structures through interaction with PALB2 and may be involved in the resolution of 
Holliday junctions (Chun et al. 2013, Park et al. 2014).

While RAD52 promotes formation of invasive RAD51 nucleofilaments in yeast, human BRCA2 performs this 
function, while human RAD52 regulates single strand annealing (SSA) (reviewed by Ciccia and Elledge 2010).
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Presynaptic phase of homologous DNA pairing and strand exchange ↗

Location: Homologous DNA Pairing and Strand Exchange

Stable identifier: R-HSA-5693616

Compartments: nucleoplasm

The presynaptic phase of homologous DNA pairing and strand exchange during homologous recombination repair 
(HRR) begins with the displacement of RPA from ssDNA (Thompson and Limoli 2003) by the joint action of 
RAD51 and BRCA2. CHEK1-mediated phosphorylation of RAD51 and BRCA2 (Sorensen et al. 2005, Bahassi et al. 
2008) is needed for BRCA2-mediated nucleation of RAD51 on 3'-ssDNA overhangs, RPA displacement and 
formation of RAD51 nucleofilaments (Yang et al. 2005, Jensen et al. 2010, Liu et al. 2010, Thorslund et al. 2010). 
Invasive RAD51 nucleofilaments are stabilized by the BCDX2 complex composed of RAD51B, RAD51C, RAD51D 
and XRCC2 (Masson et al. 2001, Chun et al. 2013, Amunugama et al. 2013).
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D-loop formation mediated by PALB2, BRCA2 and RAD51 ↗

Location: Homologous DNA Pairing and Strand Exchange

Stable identifier: R-HSA-5693620

Type: binding

Compartments: nucleoplasm, chromosome

A D-loop structure is formed when complementary duplex DNA (sister chromatid) is progressively invaded by the 
RAD51 nucleoprotein filament, with base pairing of the invading ssDNA and the complementary sister chromatid 
DNA strand (Sung et al. 2003). PALB2, RAD54, RAD51 paralogs (RAD51B, RAD51C, RAD51D, XRCC2, 
XRCC3), and RAD51AP1 synergistically stimulate RAD51 recombinase activity, thus enhancing RAD51-mediated 
strand exchange and promoting the formation of D-loop structures. PALB2 simultaneously interacts with RAD51, 
BRCA2 and RAD51AP1 (Modesti et al. 2007, Wiese et al. 2007, Buisson et al. 2010, Dray et al. 2010). The direct 
BRCA1 interaction with PALB2 helps to fine-tune the localization of BRCA2 and RAD51 at DNA double-strand 
breaks (DSBs) (Zhang et al. 2009, Sy et al. 2009). Phosphorylation of PALB2 by ATR on serine residue S59 
promotes BRCA1-PALB2 interaction and the localization of PALB2 to DNA damage sites (Buisson et al. 2017).

Followed by: CX3 complex binds D-loop structures
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CX3 complex formation ↗

Location: Homologous DNA Pairing and Strand Exchange

Stable identifier: R-HSA-5685319

Type: binding

Compartments: nucleoplasm

RAD51 paralogs RAD51C and XRCC3 form the CX3 complex with 1:1 stoichiometry (Masson et al. 2001, Chun et 
al. 2013).

Followed by: CX3 complex binds D-loop structures
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CX3 complex binds D-loop structures ↗

Location: Homologous DNA Pairing and Strand Exchange

Stable identifier: R-HSA-5685838

Type: binding

Compartments: nucleoplasm

The CX3 complex, composed of RAD51 paralogs RAD51C and XRCC3 (Masson, Tarsounas et al. 2001), binds 
homologous recombination repair sites at a later time point than the BCDX2 complex (Chun et al. 2013). Both 
RAD51C and XRCC3 can directly interact with PALB2 (Park et al. 2014). CX3 complexes, as well as BCDX2 
complexes, multimerize into ring like structures with a central cavity (Masson, Stasiak et al. 2001, Compton et al. 
2010). The CX3 complex may be involved in the resolution of Holliday junctions (Liu et al. 2004, Liu et al. 2007).

Preceded by: D-loop formation mediated by PALB2, BRCA2 and RAD51, CX3 complex formation
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