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HIGHLIGHTS 

- Eukaryotic BER proteins contain extended non-catalytic tails absent from bacterial and 

archaeal homologs;  

- The tails of TDG and APE1 homologs are more diverse than their catalytic cores and 

contain diverged short repeats;  

- The recombination function cannot be universally ascribed to the N-tail of insect APE1 

homologs;  

- The tails of TDG and APE1 participate in the formation of oligomeric aggregates on DNA 

and enable active epigenetic demethylation;  

- The APE1 and TDG aggregates on DNA might be involved in liquid phase separation. 

 

 

 

*Research Highlights
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Abstract 

Base excision DNA repair (BER) is an important process used by all living organisms to 

remove non-bulky lesions from DNA. BER is usually initiated by DNA glycosylases that excise 

a damaged base leaving an apurinic/apyrimidinic (AP) site, an AP endonuclease then cuts DNA 

at the AP site, and the repair is completed by correct nucleotide insertion, end processing, and 

nick ligation. It has emerged recently that the BER machinery, in addition to genome protection, 

is crucial for active epigenetic demethylation in vertebrates. This pathway is initiated by TET 

dioxygenases that oxidize the regulatory 5-methylcytosine, and the oxidation products are treated 

as substrates for BER. T:G mismatch-specific thymine-DNA glycosylase (TDG) and AP 

endonuclease 1 (APE1) catalyze the first two steps in BER-dependent active demethylation. In 

addition to the well-structured catalytic domains, these enzymes possess long tails that are 

structurally uncharacterized but involved in multiple interactions and regulatory functions. In 

this review, we describe known roles of the tails in TDG and APE1, discuss the importance of 

order and disorder in their structure and consider the evolutionary aspects of these accessory 

protein regions. We also propose that the tails may be important for the enzymes’ 

oligomerization on DNA, an aspect of their function that only recently gained attention. 
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1. Introduction 

DNA repair, a system of several partially overlapping enzymatic pathways, has evolved 

to protect genetic material from ongoing damage and is present in some form in all cellular 

organisms [1]. Of these pathways, base excision repair (BER) removes small non-bulky lesions 

from DNA; lesions of this kind are the most abundant source of mutations and are mostly 

unavoidable since they are generated through nucleotide hydrolysis and oxidation [1-4]. In the 

simplest form of BER, the damaged base is located and excised by one of the lesion-specific 

enzymes belonging to the group of DNA glycosylases, the nascent abasic (apurinic/apyrimidinic, 

AP) site is cut by an AP endonuclease, the correct dNMP is inserted by a DNA polymerase with 

simultaneous removal of the hanging deoxyribose remnant, and the resulting nick is sealed by a 

DNA ligase [1-4]. Several variations on this general mechanism operate in mammalian cells, 

differing in the requirements for DNA glycosylases and AP endonucleases and generating 

single-strand breaks with different termini [2-5]. Deficiencies in the key components of BER are 

embryonic lethal [6-7] while certain functional variants are associated with an increased risk of 

cancer [8-10]. 

In recent years, much attention has been drawn to non-canonical functions of BER, not 

related to genome integrity maintenance in a strict sense. Obviously, the versatile BER 

machinery can be easily adopted to processing regulated targeted DNA modification in the cell. 

BER has been shown to be involved in somatic hypermutation and class switch recombination 

during immunoglobulin gene maturation [11-12], virus life cycle and cell antiviral defense [13-

14] and active epigenetic cytosine demethylation [15-17]. In higher eukaryotes, this last pathway 

is initiated when the regulatory DNA base 5-methylcytosine is oxidized by TET family 

dioxygenases and/or deaminated by AID and APOBEC family deaminases and then removed 

preferentially by mismatched thymine-DNA glycosylase, TDG. The resulting AP site is then 
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hydrolyzed by the major AP endonuclease APE1 and further processed via regular BER 

mechanisms.  

Many protein molecules in living organisms consist of two or more structural domains, 

tens to hundreds amino acids long [18-19]. A domain is usually defined as a separate protein part 

that has a defined structure and function and may evolve largely independently of the rest of the 

protein. In the case of enzymes, their catalytic activity is often localized in one or several 

domains, which form a core fragment, while other domains of the same protein may participate 

in activity regulation, protein–protein interactions, localization in the cell, etc. In multidomain 

proteins, often the function of the core fragment is known whereas the roles of other domains are 

unclear. The development of methods for protein domain prediction based on homology and 

structural modeling [20-21] led to description of hundreds of domains of unknown functions. 

Moreover, there are many cases when a protein possesses known domains and long tails or 

linkers that are not identified as domains. Structurally they may be true domains (i. e., have a 

defined structure and be separated from other domains), but more often they are disordered and 

either not solved by X-ray crystallography or prevent crystallization and thus have to be removed 

to solve the core structure of the protein. The lack of structural information much complicates 

the analysis of their functions. 

Available structural data show that many eukaryotic BER enzymes consist of a well-

resolved core domain (or several domains) responsible for catalysis and/or DNA binding, and 

terminal tails that are, in most cases, disordered [22-23]. These tails generally can be removed 

without affecting the activity of the enzyme, and the bacterial counterparts of eukaryotic BER 

enzymes are most often compact proteins with little extra sequence outside the catalytic domain 

borders. The functions of these tails in eukaryotic BER, except in a very few occurrences, remain 

enigmatic but they are usually considered to be involved either in protein–protein interactions 

[24-25] or in non-specific DNA binding contributing to the affinity of the protein for DNA or 

facilitating its movement along DNA [26-27]. 
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Based on the structure of the core domain, human DNA glycosylases can be assigned to 

four superfamilies: UDG-like (uracil-DNA glycosylase homologs), HhH (containing a helix–

hairpin–helix DNA binding motif), H2tH (containing a helix–two-turn–helix DNA binding 

motif), and FMT_C (homologs of the C-terminal domain of methionyl-tRNA formyltransferase). 

AP endonucleases belong to two major superfamilies, EEP (exonuclease–endonuclease–

phosphatase) and TIM (triosephosphate isomerase) barrel. Human TDG and APE1, which 

initiate the BER stage of active DNA demethylation, belong to the UDG-like and EEP 

superfamilies, respectively. Both TDG and APE1 fit the structural paradigm of the ordered core 

domain and disordered tails (Figure 1). In this review, we summarize what is known about the 

functions of the tails of TDG and APE1 and discuss their evolution and the possible role in the 

regulation of epigenetic demethylation
1
.  

 

2. TDG: a hub of epigenetic DNA demethylation 

Methylation of cytosine at the C5 position with the formation of 5-methylcytosine (mC) 

in DNA provides the molecular basis of epigenetic regulation of gene expression in several 

major groups of eukaryotes [28-30]. DNA methylation is essential for the organism 

development, cell differentiation, genomic imprinting and suppression of mobile genetic 

elements. A drawback of this mode of regulation is that spontaneous deamination of mC 

generates thymine, resulting in a T:G mismatch which, if not repaired, leads to C→T transitions 

at CpG dinucleotides [31]. In mammalian cells, two DNA glycosylases, mismatch-specific 

thymine–DNA glycosylase (TDG) and methyl-binding domain protein 4 (MBD4/MED1) prevent 

the mutagenic impact of mC deamination by excising T from T:G mispairs in CpG context thus 

initiating BER that restores C [32-33].  

                                                 
1
 In the literature, the term “domain” is often used indiscriminately to describe true structural domains, or 

structurally non-discrete parts of the protein responsible for specific functions, or disordered regions. Here, we will 

consistently refer to structural domains as “domains” (or “cores” specifically when describing the main catalytic 

domains), parts responsible for specific functions as “parts”, and terminal disordered regions as “tails”. 



Figure 1
Click here to download high resolution image

http://ees.elsevier.com/jmb/download.aspx?id=990891&guid=1871aa92-2bd8-499d-80a4-109c2f56f395&scheme=1
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T:G mismatch-specific thymine–DNA glycosylase (TDG) was initially discovered as an 

enzymatic activity excising Thy bases from T:G mispairs [32,34-35], purified and cloned, 

revealing significant homology with E. coli mismatched uracil–DNA glycosylase (Mug) [36]. 

Subsequent discovery of additional Mug/TDG homologs showed that they form a separate 

family within the uracil–DNA glycosylase-like superfamily [37-39]. A more detailed enzyme 

activity inquiries showed that TDG exhibits wide substrate specificity, excising 3,N
4
-

ethenocytosine [40-41], thymine glycol [42], 5-hydroxycytosine [43], 7,8-dihydro-8-oxoadenine 

[44], mismatched U [35] and its C5-modified derivatives [43,45]. In contrast, MBD4 has narrow 

DNA substrate specificity, excising T, U, 5-fluorouracil and 5-hydroxymethyluracil in a XpG 

context from duplex DNA [33,46-47].  

Until recently, TDG had been considered as functional “back-up” for the major vertebrate 

uracil–DNA glycosylase, UNG, with somewhat broadened damaged base specificity. The 

discovery of the central place of TDG in active epigenetic demethylation revealed what is likely 

the true biological function of at least the vertebrate homologs; no similar role outside the basic 

BER is presently known for bacterial Mug proteins. Active DNA demethylation in vertebrates is 

dependent on the Ten-eleven translocation family of proteins (TETs; TET1, TET2, and TET3), 

iron/α-ketoglutarate-dependent dioxygenases that convert mC to 5-hydroxymethylcytosine 

(hmC) and then further oxidize it to 5-formylcytosine (fC) and 5-carboxylcytosine (caC) [48-51] 

(Figure 2). TDG excises fC and caC from CpG context with high efficiency, suggesting direct 

involvement of the TDG-initiated BER in the active erasure of mC epigenetic marks [50,52-57]. 

In addition, mC and its C5-oxidized derivatives can be deaminated by enzymes belonging to the 

activation-induced cytidine deaminase (AID) / Apolipoprotein B mRNA-editing enzyme 

complex (APOBEC) family of cytidine deaminases [58-60], with at least 5-hydroxymethyluracil 

(hmU) and 5-formyluracil (fU) also being substrates for TDG [45,53-54,61-62]. In agreement 

with these observations, Tdg knockouts in mice are embryonic lethal due to aberrant de novo 

DNA methylation of CpG islands in promoters of developmental genes and failure to establish 



Figure 2
Click here to download high resolution image

http://ees.elsevier.com/jmb/download.aspx?id=990901&guid=0b53a18a-c37d-4a1a-b007-9c445117daa0&scheme=1
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and/or maintain cell type-specific gene expression programs during embryonic development [62-

63].  

In addition to TETs/TDG-dependent active erasure of 5mC residues, a second mechanism 

was shown, in which AID catalyses deamination of 5mC to thymine generating a G•T mismatch 

base pair that is repaired by MBD4 [58]. Moreover, it was shown that AID/APOBEC catalyze 

deamination of 5hmC to hmU residue, which is in turn excised by the MBD4, and single-strand 

specific monofunctional uracil-DNA glycosylase 1 (SMUG1) [59,62]. MBD4/MED1 is a 

bipartite protein that belongs to the family of methyl-CpG-binding domain (MBD) proteins, and 

consists of an N-terminal MBD domain that is linked to a C-terminal DNA glycosylase domain 

[33,46]. Mutations of MBD4 gene were identified in tumors with defective DNA mismatch 

repair, however, knockout of MBD4 in mouse causes only a small 2-3 fold increase in C→T 

mutations at CpG sites and did not increase mini-satellite instability implying that MBD4 may 

act as a modifier and not as driver of tumorigenesis [64-65]. MBD4 interacts with the mismatch 

repair protein MLH1 [66] and DNA methyltransferases DNMT1 and DNMT3b [67-68] 

suggesting a potential link between post-replication repair and DNA methylation. Noteworthy, 

the interaction between MBD4 and DNMT1 is involved in the repair of oxidative DNA damage 

and control of gene expression at methylated CpG islands [69]. These observations suggest that 

MBD4 is a back up DNA glycosylase involved in the epigenetic regulation via removal of 

oxidation and deamination products of 5mC.  

Structurally, TDG consists of the Mug-like catalytic core 171 amino acid residues (aa) 

long and two tails, N-terminal (N-tail, 123 aa) and C-terminal (C-tail, 116 aa). The available 

crystal structures of TDG leave the tails mostly unresolved (Figure 1) [54-56,70-76]. NMR 

studies suggest that the N-tail is largely disordered, however, its part proximal to the catalytic 

core shows interactions both with the core and with bound DNA [75,77]. No experimental 

information regarding the C-tail is available. 
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From the moment of TDG discovery, the N-tail has been suspected to be somehow 

involved in the substrate specificity: progressive deletions into the N-tail eventually abolish the 

activity on T:G mismatches but hardly affect or even modestly increase the uracil excision from 

U:G mismatches [37]. Residues 82–110 appear to be critical for the efficient T:G binding by 

TDG [75]. Additionally, substrate processing by TDG can be regulated by the N-tail at the level 

of enzyme turnover: full-length TDG has very high affinity for the AP site left after base 

excision and normally requires stimulation by APE1 for product release [78-79], whereas 

deletion of the N-tail  dramatically increases the turnover on the U:G substrate [80]. The 

importance of the N-tail for the processing of substrates other than T:G and U:G remains largely 

unknown. 

Another factor facilitating TDG enzymatic turnover is its covalent modification by small 

ubiquitin-like modifier proteins SUMO-1 and SUMO-2/3 at Lys330 in the C-tail, a residue 

absolutely conserved within Deuterostomia [80-81]. The sumoylation drastically reduces TDG 

affinity for AP sites or normal and damaged DNA and modifies its substrate specificity, 

enhancing the cleavage of U:G and suppressing the cleavage of T:G mismatches [81]. It also 

improves TDG stimulation by APE1 [81]. Weakening a network of hydrogen bonds between 

SUMO and the C-tail by site-directed mutagenesis abolishes the effect on sumoylation on DNA 

binding [71]. A comparison of the structures of unmodified and sumoylated TDG [71,74-75] 

suggest that the rigidly attached SUMO molecule clashes with DNA near the lesion, which likely 

should lead to the protein–DNA complex falling apart. Noteworthy, the sumoylation effect on 

TDG turnover also requires an intact N-tail [80,82], and a site for non-covalent SUMO binding is 

found in the N-terminal part of the catalytic core [82]. As evidenced by NMR, covalent 

conjugation and non-covalent binding of SUMO to the respective sites induce distinct 

conformational changes in the TDG tails [83]. During active demethylation, SUMO1 is first 

attached to XRCC1, the main BER scaffold protein, which enhances the assembly of the BER 
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complex involving TDG, to which SUMO1 is later transferred to promote further repair steps 

[84]. 

Disordered tails in proteins are often involved in protein–protein interactions. TDG is 

implicated in the regulation of transcription by structurally diverse factors such as retinoic acid 

receptors (RARα/RXRα) [85], estrogen receptor ERα [86], several other nuclear receptor family 

proteins [87], basic leucine zipper protein c-Jun [85,88], homeodomain-containing thyroid 

transcription factor 1 [89], p53 and p73 [90]. The interactions with the individual transcription 

factors have been mapped to the catalytic core. However, TDG complexes with transcription 

factors can be elaborated by including transcriptional co-activators – CBP/p300 lysine acetylases 

that initiate chromatin remodeling. Taken alone, TBP can bind CBP/p300 through both N- and 

C-tails [91]. The resulting complex is competent in both BER and histone acetylation. TDG 

enhances the CBP/p300 transcriptional activity and is in turn acetylated by CBP/p300, negatively 

regulating the recruitment of APE1. The TDG–CBP/p300 complexes can also include 

RARα/RXRα [92] and LEF1/TCF4, a complex involved in the Wnt/β-catenin signaling pathway 

[93]. Although the role of the glycosylase activity is not evident in all these cases, multiple 

interactions of TDG with transcription regulation machinery including CBP/p300 may couple 

DNA demethylation with chromatin unfolding for gene activation. 

Finally, TDG expression is strictly cell-cycle regulated: it is present in cells throughout 

the G2-M and G1 phases, but rapidly disappears in the S phase [94]. This regulation involves 

TDG proteasomal degradation initiated by the association of TDG with PCNA through the “PIP 

degron”, a PCNA-interacting peptide that triggers recognition by CRL4
Cdt2

 E3 ubiquitin ligase 

upon binding [95-96]. 

CpG islands (CGIs) are short interspersed CG-rich genomic regions that are abundant 

near the transcription start sites of genes [97]. In mammalian genomes, CGIs are typically 500–

3,000 base pairs in length, and have been found in or near half of the promoters [98]. As key 

elements in transcription regulation, CGIs are enriched in permissive histone modifications, poor 
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in DNA cytosine methylation and contain multiple sites for transcription factors [99]. Despite 

CpG are significantly underrepresented in mammalian genomes, their enrichment at transcription 

start sites appeared early in the evolution of vertebrates [100]. It was hypothesized that the 

emergence and stabilization of CGIs could be due to a hypodeamination regime associated with 

low level of DNA methylation or GC-biased gene conversion – a non-reciprocal copying of a 

DNA sequence from one homologous chromosome to the other during meiotic recombination 

[101-102]. At present, the molecular mechanisms underlying the CpG enrichment at regulatory 

regions and the emergence of CGIs in evolution remain unclear. Interestingly, the nuclear 

fraction of TDG associates tightly with euchromatin and binds to CpG-rich promoters of 

transcribed genes including the pluripotency and developmental genes [63,91]. Tdg
−/−

 mouse 

embryonic fibroblasts show imbalanced histone modifications and CpG methylation at the 

promoters of the affected genes, suggesting that the TDG-initiated BER is required to support 

correct methylation patterns and chromatin remodeling in specific DNA regions. 

Recently, it has been demonstrated that TDG, and to a lesser extent MBD4, is able to 

excise T opposite to various adenine lesions with good efficiency from the specific 5′-TpG-3′/5′-

CpX-3′ context (where X is hypoxanthine (Hx), ethenoadenine, 8-oxoadenine, or AP site) [103]. 

This ability was classified as aberrant DNA repair, since it can lead to misincorporation opposite 

the damaged base [104]. The isolated catalytic domain of TDG (residues 111–308) lacking both 

N- and C-tails, while maintaining the uracil removal activity, excises T from these substrates 

very weakly, suggesting that the N- and C-terminal portions of TDG are required for the aberrant 

activity. In vitro reconstitution of TDG-initiated BER with DNA containing a T:Hx pair results 

in the misincorporation of C opposite to Hx. Furthermore, comparison of the spontaneous 

genome-wide mutation spectra with those at the CGIs revealed that CGIs exhibit a strong 

mutational bias for TpG, CpA→CpG mutations [103]. These findings demonstrate that TDG 

may catalyze sequence context-dependent aberrant removal of T that results in the appearance of 
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a CpG dinucleotide, thus providing a plausible mechanism for the evolutionary origin of CpG 

islands in mammalian genomes.  

 

3. APE1: a dual function enzyme 

AP endonuclease 1 (variously called APE1, APEX1, HAP-1 or Ref-1 in the literature) is 

the major AP endonuclease supporting BER in vertebrate cells both for genome defense and for 

active DNA demethylation, and is also involved in RNA biogenesis [105-106]. APE1 was 

independently discovered as an AP site-specific DNA endonuclease homologous to the E. coli 

Xth protein [107-108] and as a redox factor (Ref-1) that regulates the DNA-binding domains of 

the Fos and Jun subunits of AP-1 transcription factor [109]. Based on the biochemical 

characterization of N- and C-terminal deletion mutants, the APE1 polypeptide can be subdivided 

into two functionally distinct and partially overlapping regions, with the N-terminal part 

(residues 1–127) possessing the “redox activity”, and the C-terminal part (residues 61–318) 

responsible for the AP site cleavage activity [110-111]. Structurally, however, the redox part 

does not fold into a separate domain, and APE1 contains an Xth-like catalytic core (residues 62–

316) and an N-tail unresolved in the available crystal structures over the first 2/3 of its length 

[112-123].  

The redox function localized to the N-tail and the adjacent part of the catalytic domain 

has been a matter of extensive studies, which nevertheless still have not come to an agreeable 

model; even the redox nature of this activity is controversial. Initially, it was shown that spurious 

oxidation of Cys272 in Jun and Cys154 in Fos subunits of AP-1 transcription factor prevent its 

binding to DNA [124], and that this binding can be restored by Ref-1, a protein factor that turned 

out to be identical to APE1 [109,125]. Truncated APE1 containing only residues 1–127 is fully 

able to stimulate AP-1 DNA binding [110]. The N-tail is essential for the stimulation of AP-1 

binding to DNA, and its deletion results in a > 10-fold loss in the stimulation activity but does 

not affect AP site cleavage [110-111,126]. In addition to AP-1, APE1 has been reported to 
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enhance DNA binding by NF-κB [109,127-129], p53 [130-132], Egr-1 [133], Pax-5, Pax-8 [134-

135], HIF-1α and HLF [136-137], and YB-1 [138], although the localization of the stimulation 

activity to the Ref-1 part in many of these cases has not been confirmed. 

Based on mutagenesis results, APE1 was initially proposed to activate AP-1 and NF-κB 

via a redox mechanism by mediating the reduction of a Cys residue in their DNA-binding 

domains [115,126]. A disulfide bond would form in APE1 between Cys65 (residing in the 

catalytic domain) and presumably Cys93, which is then regenerated by thioredoxin as a reducing 

molecule [139-140]. However convenient, this model is plagued by a number of contradictory 

findings. First, crystallographic studies revealed that Cys65 and Cys93 are buried inside the 

APE1 globule and are unlikely to interact with other proteins [112-113]. Second, the ablation of 

either the homologous Cys64 residue in mouse Apex1, or of all seven cysteines in human APE1 

does not affect the stimulation of DNA binding by AP-1 and NF-κB [129,141]. Third, the 

Arabidopsis AP endonuclease ARP, which is only distantly related to APE1, lacks a Cys65 

homolog and shares very little homology with the Ref-1 part of APE1, is able to stimulate the 

DNA-binding activity of human AP-1 [142]. Finally, at least in AP-1, the Cys oxidation does not 

produce a disulfide bond but rather involves other oxidized thiol derivatives [124]. On the other 

hand, in support of the thiol-mediated redox reaction model, it was shown that the zebrafish 

homolog of APE1, which also lacks a Cys65 homolog, does not activate human AP-1 but gains 

this ability if a Cys is reinstated [115]. For these reasons, and considering recent data on APE1–

DNA interactions, an alternative model of transcription factor stimulation has been proposed, 

discussed in the last section. 

Besides transcription factors, APE1 can also stimulate DNA glycosylases in a redox-

independent manner. As mentioned above for TDG, many DNA glycosylases bind tightly to 

their abasic site product. Kinetic characterization of TDG, MBD4, single-strand-specific 

monofunctional uracil–DNA glycosylase (SMUG1), N-methylpurine–DNA glycosylase 

(MPG/ANPG/AAG), 8-oxoguanine–DNA glycosylase (OGG1), endonuclease III homolog 
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(NTHL1) and MutY homolog (MUTYH) reveals that the product release is rate limiting during 

the steady-state phase of the reaction [78,143-148]. Full-length APE1 promotes dissociation of 

the enzyme–product complex, increasing the glycosylase turnover rates [79,148-151]. In 

contrast, the truncated APE1-NΔ61 mutant lacking the N-tail cannot stimulate the multiple 

turnover of OGG1, MBD4, and MPG [152].  

The N-tail of APE1 is highly enriched in positively charged Lys and Arg residues, which 

can engage in electrostatic interactions with DNA phosphates, and are involved into multiple 

posttranslational modifications with a regulatory role. The first 33 residues of the N-tail mediate 

the binding of APE1 to RNA and to negative Ca
2+

 responsive sequence elements (nCaRE) of 

certain gene promoters [153-154]. Deletion, mutation, or acetylation of Lys residues within this 

region increase the AP site cleavage activity, suggesting that the extra charge at the N-tail could 

retain APE1 on DNA [153,155]. APE1 is acetylated at Lys6 and Lys7 by CBP/p300 and 

deacetylated by SIRT1, apparently switching between transcription mode (acetylated) and DNA 

repair mode (deacetylated): the acetylation is required for efficient binding of nCaRE elements 

[156] and for efficient stimulation of YB-1 and YB1-dependent transcription [138], whereas 

deacetylated APE1 is bound to XRCC1 [157]. Lys residues 24, 25, and 27 are sites of 

ubiquitylation, which targets APE1 for degradation and retain it in cytoplasm in a MDM2/p53-

dependent manner, possibly indicating shutdown of DNA repair in apoptosis-committed cells 

[158]. Interestingly, in a specific form of apoptosis initiated by granzyme A protease, APE1 is 

cleaved at Lys31 and then fully degraded [159]. The first 13 residues of APE1 contain the 

nuclear localization signal [160]; at the same time, the intact N-tail is suggested to mask the 

mitochondrial targeting sequence located in the C-terminal region of the polypeptide [161].  

In addition to BER, APE1 plays a key role in the removal of damaged DNA bases via the 

nucleotide incision repair (NIR) pathway [162-164] (Figure 3). In BER, APE1 acts downstream 

of DNA glycosylases by incising a DNA duplex at AP sites and removing 3′-blocking sugar–

phosphate moieties. In NIR, APE1 bypasses the glycosylase action and directly generates a 



Figure 3
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single-strand break with a 5′-dangling damaged nucleotide and a 3′-hydroxyl group [163,165]. In 

the NIR mode, APE1 can recognize diverse types of DNA base lesions including α-anomeric 

deoxynucleotides (αdN), oxidized pyrimidines [163,166], formamidopyrimidines [167], 

exocyclic DNA bases and uracil [168-169], bulky lesions such as benzene-derived DNA adducts 

[170] and a UV-induced 6–4 photoproduct [171]. The chemical structures of these DNA lesions 

have very little in common, implying that in, contrary to DNA glycosylases, APE1 tends to 

recognize damage-induced structural distortions of the DNA helix and not the modified base 

itself. The BER/NIR dichotomy in the APE1 action is modulated by concentrations of divalent 

cations, pH, and ionic strength in an apparently allosteric manner [163]. Changes in intracellular 

Mg
2+

 concentration induce conformational rearrangements in APE1, changing its DNA substrate 

specificity [163,172]. Notably, the truncated APE1-N∆61 protein exhibits a dramatic decrease in 

the NIR activity, suggesting a role of the N-tail in its regulation [163,166].  

 

4. Evolution of tails 

Given the apparent involvement of TDG and APE1 into transcription regulation and 

epigenetic demethylation in mammals, and possible involvement of the tails of the mammalian 

proteins into the interactions important for these functions, it is of great interest to follow the 

evolution of sequences extending the catalytic domains of these proteins. As the features of 

cytosine methylation and active demethylation are quite different between vertebrates and other 

eukaryotes, we have limited the initial analysis to Deuterostomia, a clade that includes 

vertebrates, echinoderms, and several minor taxa. A comparison of 731 sequences from genomes 

of 290 Deuterostomia species retrieved from the NCBI RefSeq database as having a TDG, Mug-

like catalytic core showed that TDG is present across this clade, and, as expected, possesses a 

conserved catalytic core, with the similarity in the tails fading towards the polypeptide termini 

(Figure 4A).  



Figure 4
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An early limited analysis of APE1 conservation in sequences from 28 vertebrate species 

suggested that the “redox function” might be featured only in mammals [115]. We have analyzed 

290 unique sequences containing the APE1-like domain from Deuterostomia (184 species, 

including 97 mammals, 81 vertebrate non-mammals, and 6 non-vertebrate chordates and non-

chordate Deuterostomia). Whereas the catalytic domain was well conserved, the N-tails were 

much more diverse (Figure 4B). Most of this diversity was probably produced by alternative 

translation start sites and exon use in different species: whereas all four known RNA isoforms of 

human APE1 encode the same polypeptide, at least 20 various types of N-tails could be 

identified in vertebrates. Cys in the position corresponding to human Cys65 was present only in 

mammals, with Ser/Thr occupying this position in all analyzed non-mammalian vertebrates. 

In the absence of clear homology, the basic secondary structure elements can still be 

conserved between proteins from different species. To address whether this is the case for APE1 

N-tail, we had run secondary structure predictions for 45 vertebrate APE1 sequences (23 

mammalian and 22 non-mammalian species). The predicted structures (classified as helix, sheet, 

or random coil for each position) were compared using the Levenstein distance, a string metric 

for measuring the difference between non-numerical sequences. Moderate conservation of the N-

tail secondary structure for mammals was revealed, while lacking in other vertebrates (Figure 

5A). In comparison, the structures of C-terminal sequences of equal lengths are strongly 

conserved in the clusters of mammals (with an exception of marsupials) and non-mammalian 

vertebrates (Figure 5B). Overall, it seems that N-tails in mammalian APE1 proteins have indeed 

evolved some functions making them distinct from their non-mammalian counterparts. 

Of known AP endonucleases, at least one more has a long functionally significant 

extension: the Drosophila protein, Rrp1, carries a BER function in its C-terminal part and a 

homologous recombination function (albeit of unknown mechanism) in its N-terminal part. Rrp1 

was first isolated from fruit fly embryos as a protein capable of promoting strand annealing and 

strand exchange between single- and double-stranded DNA molecules in an energy-independent 



Figure 5
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manner [173]. The compact C-terminal part (251 aa long; Figure 1B) was later shown to bear 

homology with EEP superfamily AP endonucleases [174]. It catalyzes cleavage of AP sites, 

resection of blunt or recessed 3′-ends in a DNA duplex, possesses 3′-phosphatase and 3′-

phosphodiesterase activities on recessed damaged 3′-ends [175-178] and complements the 

oxidation- and alkylation-sensitive phenotype of AP endonuclease-null E. coli [179], showing all 

attributes of a functional AP endonuclease participating in BER. Although no structural 

information on Rrp1 is available, limited proteolysis combined with circular dichroism and 

sedimentation velocity analysis indicate that the N-tail (426 aa) is mostly unstructured [180]. The 

physiological role of Rrp1 in recombination is not clear: overexpression of full-length Rrp1 in 

Drosophila larvae reduces rather than increases the level of DNA damage-induced genetic 

marker conversion but this could reflect more efficient repair by BER and not suppression of 

recombination [181]. Rrp1 might contribute to recombination indirectly: its N-tail interacts with 

both Rev3 and Rev7 subunits of DNA polymerase ζ [182], an error-prone DNA polymerase that 

extends from terminally mismatched DNA primers and, from genetic evidence, is involved in 

homologous recombination in Drosophila [183].  

A protein sequence database search reveals that functional AP endonucleases are linked 

with the recombination functional part over a very narrow phylogenetic range. Rrp1 sequences 

are available for 25 Drosophila species, with up to four protein isoforms predicted for some 

genomes. Their comparison clearly shows that the N-tail is much less conserved than the C-

terminal APE1 homology domain (Figure 4C). Thus, even within the same genus, the N-terminal 

sequences, while still recognized as homologous, diverged much faster than AP endo-like 

domain sequences. Other Diptera also possess APE1-like AP endonucleases with long N-tails, 

their homology to the recombination part of Drosophila proteins are below the limit of positive 

identification. In other insects, the length of the N-tail of Rrp1/APE1 fluctuate greatly. In 

Lepidoptera and Coleoptera, the Rrp1 part was as extensive or even longer as in Diptera, while 
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in other insect orders it could be less than 70 aa. Clearly, the recombination function cannot be 

universally ascribed to the N-tail of insect APE1 proteins. 

The failure to obtain crystal structures of TDG and APE1 tails suggests that they are 

likely disordered. We have used ESpritz bi-directional recursive neural network [184] trained on 

the training set of the DisProt database of partially or completely disordered proteins [185] to 

predict disorder in the tails of human APE1 and TDG and D. melanogaster Rrp1. Indeed, the 

tails showed higher disorder probability than the catalytic cores, and the boundaries of the 

predicted disordered regions well coincided with the borders between the core and the tails 

(Figure 6). It is known that terminal regions of protein-coding sequences in both mammals and 

insects are evolutionarily more labile, accumulating more non-synonimous mutations than the 

central part that presumably contains the functional core of the protein [186]. For an important 

class of proteins – those composed a mammalian cell mRNA interactome – high intrinsic 

disorder was shown to be associated with the enrichment in short repetitive amino acid motifs 

[187]. To assess the representation of short repeats in the tails and the core of APE1 and related 

AP endonucleases we have analyzed 2766 sequences containing the APE1-like domain using 

rapid automatic detection and alignment of repeats (RADAR) algorithm [188]. Of these, 370 

contained an N-tail > 40 aa long (only 22 sequences contained a C-tail, which was not enough 

for a valid comparison). As an example of such analysis, Figure 7A and B illustrates the results 

for Rrp1, in which 74% of the N-tail turned out to be covered by short repeats. N-tails were 

significantly enriched in short repeats in comparison with the catalytic cores (p < 10
–6

, 

Kolmogorov–Smirnov test; Figure 7C). TDG sequences produced a similar picture for both N- 

and C-tails. Thus, as in the case of mRNA-binding proteins, disorder in the tail of APE1-like 

endonucleases could be due to the presence of repetitive protein motifs. It should be emphasized 

that the disorder by itself may have functional significance and the evolution might favor 

accumulation of short diverged repeats in the appropriate protein regions.  
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5. APE1 and TDG: cooperative mediators? 

As discussed above, the N-tail of APE1 is indispensable for the functions that appear very 

different mechanistically, namely the stimulation of DNA binding by transcription factors, 

turnover of DNA glycosylases, and the BER/NIR switch. Recent observations brought forward a 

somewhat unexpected hypothesis that unifies all these functions under a model of APE1 

multimerization on DNA. Transmission electron microscopy and atomic force microscopy 

revealed that the full-length APE1 can form filaments on both undamaged and damaged DNA 

fragments and introduce bends and kinks that can be used to detect an AP site [149,189]. Several 

APE1 molecules was observed to bind both undamaged and damaged oligonucleotides in an 

apparently cooperative mode, with single-stranded DNA or nicks acting as preferential binding 

sites [189]. Combined with the quantitative proteomics estimates revealing that APE1 is an 

abundant protein in human cells, exceeding the amount of most DNA glycosylases and 

transcription factors by > 2 orders of magnitude [190-191], these observations suggest that APE1 

monomers could dynamically assemble on DNA, starting from DNA nicks, gaps or breaks. 

Random binding and dissociation of terminal APE1 monomers effectively amounts to a 

stochastic walk of the multimer along the DNA contour, mechanistically equivalent to DNA 

scanning by individual molecules of many DNA repair proteins, restriction endonucleases and 

transcription factors [192-193]. In this mode, an APE1 multimer may “search” for some specific 

sites in DNA. Importantly, truncated APE1-NΔ61 multimerizes on DNA much less efficiently 

than the full-length protein [152], and this decreased capacity strongly correlates with the 

reduced ability of APE1-NΔ61 to perform NIR and to stimulate transcription factors and DNA 

glycosylases [110-111,126,152,163,189].  

In addition, the modeled structure of the full-length APE1 could be docked into 

oligomers with translational symmetry, in which the DNA-binding site is exposed, consistent 

with the APE1 multimer assembly on DNA [189]. Binding of proteins in the DNA minor groove 

is known to induce groove dehydration and easy DNA bending [194]. Based on these 
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observations, it has been proposed that APE1 multimerization induces DNA helix distortion that 

exacerbates pre-existing anisotropic flexibility at AP sites, oxidized nucleotides and intrinsically 

bent DNA, which in turn enables NIR activity, stimulation of DNA binding by transcription 

factors, and stimulation of DNA glycosylases turnover [152,189] (Figure 8). 

What could be the mechanism responsible for the stimulation of transcription factors by 

an APE1 multimer? DNA bending due to bound proteins also induces distortions at neighboring 

sequences, which may promote the binding of transcription factors; a good example is p53 

binding to its cognate sequence, which is favored by the DNA curvature induced by HMGB1 

chromatin architectural protein [195]. Generally, the proteins that induce DNA bending exhibit 

better affinity when their recognition sites are located in intrinsically bent or flexible regions, and 

intrinsic DNA bending plays important role in transcription regulation [196-198]. Both NF-κB 

and AP-1 have been demonstrated to bend DNA [199-200]. Even though the DNA bending by 

isolated AP-1 was debated [201], accessory factors such as NFAT1 assist bending and AP-1 

binding to its recognition sites [202-203]. Essentially, bending induced by APE1 can play the 

same role, sculpting DNA for easier binding of transcription factors. Although no comprehensive 

analysis of sequence preferences was done, APE1 may itself favor intrinsically bent DNA: it 

binds to nCaRE-A and nCaRE-B sites in the promoters of the parathyroid hormone (PTH) gene 

and the own APE1 gene [154,204-205]. nCaRE sequences contain intrinsically bent A-tracts 

d(TTTTTG)/d(CAAAAA) flanking the recognition site for nCaRE-binding proteins. Overall, 

APE1 might specifically bind to and multimerize on intrinsically bent cognate sites of 

transcription factors and promote further DNA distortion, which in turn stimulates transcription 

factor binding. 

There are also some evidence for functionally relevant oligomerization of DNA 

glycosylases, including TDG. Structural studies revealed that the catalytic domain of TDG  binds 

to 23–28-mer DNA duplexes in a 2:1 ratio, with a second TDG molecule bound in a non-

catalytic orientation, whereas the protein dimer complex cannot be formed on a short 15-mer 
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DNA duplex [55,72]. Full-length TDG forms dimers on short duplexes with much higher 

efficiency, suggesting that N- and C-tails participate in the assembly of TDG on DNA. In 

relation to these observations, it has been shown that E. coli Mug, human O
6
-alkylguanine-DNA 

alkyltransferase (MGMT), and N-truncated E. coli MutY DNA glycosylase exhibit cooperative 

binding to DNA substrates and can form protein oligomers on DNA with 4–12 nucleotides 

periodicity [206-208]. It was hypothesized that the cooperative mode of binding could enable 

more efficient lesion search or protect repair intermediates before handing them over to 

downstream BER machinery. The stoichiometric difference between TDG complexes formed on 

on 28- and 15-mer DNA duplexes has no measurable effect on the U excision activity [72]. 

However, TDG does not excise T opposite ethenoadenine or hypoxanthine, or 8-oxoadenine 

opposite to T from 15-mer duplexes, suggesting that the cooperative binding of TDG to DNA 

may be required for efficient processing of a wider range of DNA substrates [103]. At present, 

the molecular mechanism and structural basis for this molecular recognition phenomenon remain 

unclear. 

At least for APE1, the ability to assemble on DNA can have profound consequences for 

gene regulation. A testable prediction from this model is that regulatory sites exhibiting 

anisotropic flexibility or intrinsic DNA bending would be prone to APE1-mediated stimulation 

of DNA binding by transcription factors. Similarly, multimerization of APE1 at specific 

regulatory elements may enhance the removal of oxidized bases via stimulation of the DNA 

glycosylases. Noteworthy, it has been shown that activation of several promoters, including 

those responsive to ERα and c-Myc and also those containing potential quadruplex-forming 

sequences, requires guanine oxidation followed by BER in an OGG1, APE1-dependent manner 

[209-211]. Conversely, displacement of OGG1 by APE1 could compete with the activation of a 

number of immune- and stress-responsive genes, that relies on reversibly oxidized OGG1 that 

binds but does not excise 8-oxoguanine [212-213]. Of course, stimulation of TDG and MBD4 by 

APE1 may also contribute to gene regulation by TET-dependent active demethylation, both 
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through the erasure of mC marks and through recruitment of poly(ADP-ribose) polymerase 1 

(PARP1) to the nicked repair intermediates, which poly(ADP-ribosy)lates histones and recruits 

of chromatin remodeling factors. Finally, DNA curvature introduced by APE1 and enhanced by 

transcription factors binding, or PARP1 recruited to the APE1-produced nicks could promote 

DNA loop formation and interactions with distantly located enhancer or insulator elements.  

 

6. Conclusion 

The possibility of BER proteins combining their BER function with some other activity 

and containing structurally separated determinants for both, is attractive in the light of recent 

discoveries of the role of the BER pathway in processes not involved with genome integrity 

maintenance. In particular, in the last years it has been firmly established that mammalian cells 

rely on TDG-initiated BER to actively demethylate epigenetically regulated genes. Mammalian 

zygotes or reprogrammed cells undergo massive demethylation through this mechanism to erase 

epigenetic marks and re-establish pluripotency. Another well-documented regulatory role 

belongs to APE1, which, in addition to its role in BER, stimulates DNA binding by many 

transcription factors. 

Both TDG and APE1 have homologs in bacteria but have a notable feature in the 

presence of extended tails in addition to the catalytic cores. Notably, their archaeal homologs 

also lack the tails, indicating that these structural elements emerged during the evolution of 

eukaryotes. However, even in eukaryotes, the tails of TDG and APE1 homologs are much more 

diverse than their catalytic cores, as evidenced, for example, by human APE1 and Drosophila 

Rrp1 that have totally different sequences, structures, and functions ascribed to their N-tails. The 

evolution of the tails might proceed through accumulation and fast divergence of short repeats, 

which would be initially close to neutral outside of the catalytic cores, and then switch to a 

directional selection mode once some useful function was acquired. 
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It is clear that tails of TDG and APE1 are involved in a multitude of protein–DNA and 

protein–protein interactions and serve as elements for regulatory protein modification. Currently, 

the mechanistic understanding of the functions of TDG and APE1 tails is limited by the lack of 

structural information. Given the intrinsically disordered nature of the tails, their structure in 

isolation is unlikely to be determined. However, it is possible that the conformations of the tails 

are better defined in some stable or metastable protein–protein complexes, including those 

involved in epigenetic DNA demethylation, which can be analyzed by conventional methods of 

structural biology. Moreover, new experimental methods to study mechanistically important 

features of intrinsically disordered protein regions are being developed using tools from NMR 

[214], single-molecule fluorescence microscopy [215], isotope exchange mass spectrometry 

[216], etc. The characterization of the tails’ behavior is especially important in view of the 

explosive development of a new paradigm of biomolecular ensemble organization based on 

liquid phase separation, which is now believed to underlie many cell regulation processes 

including DNA repair and chromatin remodeling [217-220]. It cannot be excluded that tail-

dependent assembly of APE1 and TDG aggregates on DNA might be involved in the liquid 

demixing in DNA repair and active epigenetic demethylation.  
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Legends to figures 
 

Figure 1. Schematic domain structure of E. coli Mug and human TDG (A) and E. coli 

Xth, human APE1, and Drosophila Rrp1 (B). The shaded blocks represent the enzymes’ 

conserved catalytic domains. The lines below indicate structurally characterized part of the 

human proteins. Functionally important Lys330 in TDG and Cys65 in APE1 are marked by 

arrows. 

Figure 2. Schematic representation of the active DNA demethylation pathways. mC can 

be hydroxylated by TET1, TET2, or TET3 proteins to form hmC or further oxidized fC and caC. 

In addition, mC and hmC can be deaminated by the AID/APOBEC family members to form T 

and hmU. Removal of these demethylation intermediates by DNA glycosylases in the BER 

pathway results in the erasure of mC and its replacement with C. Alternatively, de novo DNA 

methyltransferases DNMT3a/3b are able to directly convert hmC to C without base excision and 

repair synthesis. The inset shows the essential short-patch BER pathway in mammalian cells: the 

modified base (red) is removed by a DNA glycosylase, an AP endonuclease then nicks 5′ to the 

nascent AP site, DNA polymerase β inserts the correct nucleotide (green) and excises the 

remaining deoxyribose phosphate, and DNA ligase IIIα seals the nick. 

 

Figure 3. Mammalian AP endonuclease 1 (APE1), an essential multifunctional repair 

protein. (Left) APE1 is involved in the BER and NIR pathways to remove non-bulky DNA base 

damage and degrades damaged abasic RNA. BER/NIR switch and DNA substrate specificity of 

APE1 are modulated by concentrations of divalent cations, pH and ionic strength. (Right) APE1 

stimulates DNA binding of various transcription factors via redox- and nonredox-dependent 

mechanisms and also participates in the activation of bioreductive drugs. APE1 is a member of 

the SET complex and promotes the Granzyme A activated cell death response. (Bottom) 

Schematic structure of APE1 showing amino acids involved in nuclear localisation signal (NLS), 

redox function and DNA repair activities.  
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Figure 4. Conservation plot of the alignment of TDG (A, 731 sequences from genomes 

of 290 Deuterostomia species), APE1 (B, 290 sequences from 184 Deuterostomia species) and 

Rrp1 (C, 49 sequences from genomes of 25 Drosophila species). The alignment was done using 

MAFFT [221]. The fraction of the most frequent residue in every position is shown. 

Figure 5. Conservation of the secondary structures at the N- and C-terminus of APE1 

sequences. Secondary structure predictions were run for 45 vertebrate APE1 sequences (23 

mammalian and 22 non-mammalian species, limited to one per taxonomic order to minimize 

similarity by descent) that have the N-tail > 40 aa long (44–67 in the set) using GOR IV [222]. 

The predicted strings of secondary structure assignments were compared by Levenstein distance 

between them [223]. Color-coded normalized distance matrices are shown for the complete N-

tails (A); and for the last 70 C-terminal residues in the catalytic domain (B). 

Figure 6. Predicted disordered regions in human APE1 and TDG and D. melanogaster 

Rrp1. ESpritz probability score is plotted over the length of the protein. Best weighted score 

method for disorder prediction was used [224]. Red bars show the predicted disordered regions, 

blue bars, the ordered regions. Green bars show the positions of the catalytic cores. 

Figure 7. Detection of repeats in the APE1 family N-tails. (A), list of repeats in 

Drosophila Rrp1 identified by RADAR [188]. (B), repeats mapped onto the Rrp1 sequence (red, 

catalytic domain; cyan and magenta, alternating level 1 repeats; yellow and green, alternating 

level 5 repeats). (C), cumulative distribution function (cdf) for the fraction of the length of the 

catalytic domain and the N-tail covered by repeats in 2766 APE1 proteins (370 containing N-

tails longer than 40 aa). 

 Figure 8. Proposed unified mechanism of the APE1-catalyzed stimulation of DNA 

glycosylases and transcription factors. (1) APE1 binds to transient single-stranded structures 

present at the termini of duplex DNA. (2) Multiple molecules of APE1 assemble on the DNA 

fragment and form multimer complexes. (3) APE1 multimers induce conformational changes in 
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the DNA helix, which in turn stimulates DNA glycosylase activities and sequence-specific 

binding of transcription factors to DNA. 




