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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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Resolution of Abasic Sites (AP sites) ↗

Stable identifier: R-HSA-73933

Compartments: nucleoplasm

Resolution of AP sites can occur through the single nucleotide replacement pathway or through the multiple 
nucleotide patch replacement pathway, also known as the long-patch base excision repair (BER). Except for the 
APEX1-independent resolution of AP sites via single nucleotide base excision repair mediated by NEIL1 or NEIL2 
(Wiederhold et al. 2004, Das et al. 2006), single nucleotide and multiple-nucleotide patch replacement pathways are 
both initiated by APEX1-mediated displacement of DNA glycosylases and cleavage of the damaged DNA strand by 
APEX1 immediately 5' to the AP site (Wilson et al. 1995, Bennett et al. 1997, Masuda et al. 1998). The BER 
proceeds via the single nucleotide replacement when the AP (apurinic/apyrimidinic) deoxyribose residue at the 5' 
end of the APEX1-created single strand break (SSB) (5'dRP) can be removed by the 5'-exonuclease activity of DNA 
polymerase beta (POLB) (Bennett et al. 1997). POLB fills the created single nucleotide gap by adding a nucleotide 
complementary to the undamaged DNA strand to the 3' end of the SSB. The SSB is subsequently ligated by DNA 
ligase III (LIG3) which, in complex with XRCC1, is recruited to the BER site by an XRCC1-mediated interaction 
with POLB (Kubota et al. 1996). BER proceeds via the multiple-nucleotide patch replacement pathway when the AP 
residue at the 5' end of the APEX1-created SSB undergoes oxidation-related damage (5'ddRP) and cannot be cleaved 
by POLB (Klungland and Lindahl 1997). Long-patch BER can be completed by POLB-mediated DNA strand 
displacement synthesis in the presence of PARP1 or PARP2, FEN1 and DNA ligase I (LIG1) (Prasad et al. 2001). 
When the PCNA-containing replication complex is available, as is the case with cells in S-phase of the cell cycle, 
DNA strand displacement synthesis is catalyzed by DNA polymerase delta (POLD) or DNA polymerase epsilon 
(POLE) complexes, in the presence of PCNA, RPA, RFC, APEX1, FEN1 and LIG1 (Klungland and Lindahl 1997, 
Dianova et al. 2001). It is likely that the 9-1-1 repair complex composed of HUS1, RAD1 and RAD9 interacts with 
and coordinates components of BER, but the exact mechanism and timing have not been elucidated (Wang et al. 
2004, Smirnova et al. 2005, Guan et al. 2007, Balakrishnan et al. 2009).
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Displacement of DNA glycosylase by APEX1 ↗

Location: Resolution of Abasic Sites (AP sites)

Stable identifier: R-HSA-110357

Compartments: nucleoplasm

Following cleavage of the damaged base, DNA glycosylase is displaced by APEX1, an AP endonuclease (Parikh et 
al. 1998).

Literature references

Tainer, JA., Bharati, S., Krokan, HE., Mol, CD., Slupphaug, G., Parikh, SS. (1998). Base excision repair initiation re-
vealed by crystal structures and binding kinetics of human uracil-DNA glycosylase with DNA. EMBO J, 17, 5214-
26. ↗

Editions
2004-02-03 Authored, Edited Matthews, L.

2014-12-04 Edited, Revised Orlic-Milacic, M.

2014-12-22 Reviewed Borowiec, JA.

https://reactome.org Page 5

https://reactome.org/content/detail/R-HSA-110357
http://www.ncbi.nlm.nih.gov/pubmed/9724657
https://reactome.org


APEX1 mediates endonucleolytic cleavage at the 5' side of the AP site ↗

Location: Resolution of Abasic Sites (AP sites)

Stable identifier: R-HSA-110359

Type: transition

Compartments: nucleoplasm

APEX1 (APE1, HAP1), a DNA apurinic/apyrimidinic (AP) site DNA lyase, cleaves the DNA strand sugar-
phosphate backbone 5' to the AP site generated by DNA glycosylases or that forms by spontaneous loss of a base, 
producing a DNA strand with a 3'-terminal unsaturated sugar and a DNA strand with a terminal abasic 5'-
deoxyribosephosphate (5'-dRP) as cleavage products (Wilson et al. 1995, Bennett et al. 1997, Masuda et al. 1998, 
Parikh et al. 1998).
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Resolution of AP sites via the single-nucleotide replacement pathway ↗

Location: Resolution of Abasic Sites (AP sites)

Stable identifier: R-HSA-110381

Compartments: nucleoplasm

The single nucleotide replacement pathway of base excision repair appears to facilitate the repair of most damaged 
bases. Following DNA glycosylase mediated cleavage of the damaged base, the endonuclease APEX1 is recruited to 
the site of damage where it cleaves the 5' side of the abasic (AP) deoxyribose residue. DNA polymerase beta (POLB) 
then cleaves the 3' side of the AP sugar phosphate, thus excising the AP residue. APEX1 is subsequently released, 
the XRCC1:LIG3 complex is recruited, and POLB mediates the synthesis of the replacement residue. Following 
LIG3 mediated ligation of the replaced residue, the XRCC1:LIG3 complex dissociates from DNA (Lindahl and 
Wood, 1999). An alternative BER pathway is employed when the structure of the terminal sugar phosphate is such 
that it cannot be cleaved by the AP lyase activity of POLB.

Literature references

Lindahl, T., Wood, RD. (1999). Quality control by DNA repair. Science, 286, 1897-905. ↗

Editions
2004-02-03 Edited Matthews, L.

2004-02-09 Authored Matthews, L.

2014-12-04 Edited, Revised Orlic-Milacic, M.

2014-12-22 Reviewed Borowiec, JA.

https://reactome.org Page 7

https://reactome.org/content/detail/R-HSA-110381
http://www.ncbi.nlm.nih.gov/pubmed/10583946
https://reactome.org


APEX1-Independent Resolution of AP Sites via the Single Nucleotide Replacement 
Pathway ↗

Location: Resolution of Abasic Sites (AP sites)

Stable identifier: R-HSA-5649702

Compartments: nucleoplasm

NEIL1 and NEIL2 have a dual DNA glycosylase and beta/delta lyase activity. The AP (apurinic/apyrimidinic) site-
directed lyase activity of NEIL1 and NEIL2 is their major physiological role, as they can act on AP sites generated 
spontaneously or by other DNA glycosylases. NEIL1 or NEIL2 cleave the damaged DNA strand 5' to the AP site, 
producing a 3' phosphate terminus (3'Pi) and a 5' deoxyribose phosphate terminus (5'dRP). DNA polymerase beta 
(POLB) excises 5'dRP residue but is unable to add the replacement nucleotide to DNA with the 3'Pi end. PNKP, a 
DNA 3' phosphatase, removes 3'Pi and enables POLB to incorporate the replacement nucleotide, which is followed 
by ligation of repaired DNA strand by XRCC1:LIG3 complex (Whitehouse et al. 2001, Wiederhold et al. 2004, Das 
et al. 2006).
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Resolution of AP sites via the multiple-nucleotide patch replacement pathway ↗

Location: Resolution of Abasic Sites (AP sites)

Stable identifier: R-HSA-110373

Compartments: nucleoplasm

While the single nucleotide replacement pathway appears to facilitate the repair of most damaged bases, an 
alternative BER pathway is evoked when the structure of the 5'-terminal sugar phosphate is such that it cannot be 
cleaved through the AP lyase activity of DNA polymerase beta (POLB). Under these circumstances, a short stretch 
of residues containing the abasic site is excised and replaced (Dianov et al., 1999). Following DNA glycosylase-
mediated cleavage of the damaged base, the endonuclease APEX1 is recruited to the site of damage where it cleaves 
the 5' side of the abasic deoxyribose residue, as in the single nucleotide replacement pathway. However, POLB then 
synthesizes the first replacement residue without prior cleavage of the 5'-terminal sugar phosphate, hence displacing 
this entity. Long-patch BER can be completed by continued POLB-mediated DNA strand displacement synthesis in 
the presence of PARP1 or PARP2, FEN1 and DNA ligase I (LIG1) (Prasad et al. 2001). When the PCNA-containing 
replication complex is available, as is the case with cells in the S-phase of the cell cycle, DNA strand displacement 
synthesis is catalyzed by DNA polymerase delta (POLD) or DNA polymerase epsilon (POLE) complexes, in the 
presence of PCNA, RPA, RFC, APEX1, FEN1 and LIG1 (Klungland and Lindahl 1997, Dianova et al. 2001). In 
both POLB-dependent and PCNA-dependent DNA displacement synthesis, the displaced DNA strand containing the 
abasic sugar phosphate creates a flap structure that is recognized and cleaved by the flap endonuclease FEN1. The 
replacement residues added by POLB or POLD/POLE are then ligated by the DNA ligase I (LIG1) (Klungland and 
Lindahl, 1997; Matsumoto et al., 1999). 
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