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Abstract

:

DNA polymerase β (Polβ) is considered the main repair DNA polymerase involved in the base excision repair (BER) pathway, which plays an important part in the repair of damaged DNA bases usually resulting from alkylation or oxidation. In general, BER involves consecutive actions of DNA glycosylases, AP endonucleases, DNA polymerases, and DNA ligases. It is known that protein–protein interactions of Polβ with enzymes from the BER pathway increase the efficiency of damaged base repair in DNA. However natural single-nucleotide polymorphisms can lead to a substitution of functionally significant amino acid residues and therefore affect the catalytic activity of the enzyme and the accuracy of Polβ action. Up-to-date databases contain information about more than 8000 SNPs in the gene of Polβ. This review summarizes data on the in silico prediction of the effects of Polβ SNPs on DNA repair efficacy; available data on cancers associated with SNPs of Polβ; and experimentally tested variants of Polβ. Analysis of the literature indicates that amino acid substitutions could be important for the maintenance of the native structure of Polβ and contacts with DNA; others affect the catalytic activity of the enzyme or play a part in the precise and correct attachment of the required nucleotide triphosphate. Moreover, the amino acid substitutions in Polβ can disturb interactions with enzymes involved in BER, while the enzymatic activity of the polymorphic variant may not differ significantly from that of the wild-type enzyme. Therefore, investigation regarding the effect of Polβ natural variants occurring in the human population on enzymatic activity and protein–protein interactions is an urgent scientific task.
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1. Introduction


Oxidation, alkylation, deamination, apurinization/apyrimidinization, and DNA strand break formation are only some of the many processes that lead to DNA damage [1,2,3,4,5]. Such DNA damage can initiate a malignant transformation of the cell. On the other hand, the same spectrum of damage occurs during chemotherapy and radiation therapy of cancers [6,7,8]. Therefore, the system of cell protection from damage—the enzymatic system of DNA repair—plays an important role in the processes of formation and treatment of cancer.



The initial stage in one of DNA repair pathways (base excision repair; BER) is implemented by DNA glycosylases that recognize various modified and mismatched bases and catalyze their removal (Figure 1). Then, apurinic/apyrimidinic endonuclease APE1 (AP endonuclease) incises the AP site remaining after the action of DNA glycosylases, resulting in the formation of 3′-hydroxyl and 5′-deoxyribose phosphate terminal groups. The main task of DNA glycosylases and AP endonucleases is to quickly and accurately find the location of a modified base or apurinic/apyrimidinic site among a huge number of intact bases and to initiate the repair process.



Next, the intermediate DNA structure with a hydrolyzed AP site can be repaired by the short-patch or long-patch BER pathway [9,10]. In the short-patch pathway, DNA polymerase β (Polβ) adds only one nucleotide to the 3′ end of the hydrolyzed AP site, and then the dRP lyase activity of Polβ catalyzes β-elimination of the 5′-sugar phosphate residue, thus giving rise to a nick, which can then be repaired by ligase IIIα [11,12]. In the long-patch pathway, Polβ performs synthesis through strand displacement, generating a short flap DNA 2–10 nt long. This flap DNA structure is removed by endonuclease FEN1 [13,14]. After that, DNA ligase I repairs the break [9].



As BER is a multicomponent process, there is evidence of protein–protein interactions between participants of this repair pathway. Some interactions are aimed at increasing the rate of dissociation of enzymes tightly bound to an abasic site in duplex DNA [15]. Kinetic characterization of some of human DNA glycosylases has revealed that their product release is a rate-limiting step during the steady-state phase of the reaction [16,17,18]. Numerous studies have shown that APE1 promotes the dissociation of the DNA glycosylase–product complex, and this event, in turn, increases the multiple turnover rates of TDG, MBD4, ANPG, and OGG1 [19,20,21,22,23].



Multicomponent complexes with downstream proteins have been documented using cell extracts and recombinant enzymes in many studies. For example, Polβ also interacts with enzymes from BER, such as one of the bifunctional DNA glycosylases (NEIL1) [24], human AP endonuclease APE1 [25], XRCC1 [26,27,28], and PCNA [29] and PARP1 proteins. The XRCC1 has no enzymatic activity, and its main function in DNA repair is thought to promote the recruitment of other DNA repair proteins to the DNA damage site. The multiprotein complexes of XRCC1 with LigIIIα, Polβ, and PARP1 have been detected using different approaches [25,30,31].



The presence of Polβ, PNKP, and LigIIIα can enhance the interaction of XRCC1 with different DNA glycosylases [32,33,34,35]. The PARP1 protein can coordinate BER via direct interaction with some enzymes (APE1, PNKP, Polβ, LigIIIα, and TDP1) or indirect interaction mediated by the XRCC1 protein [36]. Using fluorescent titration methods, it has been shown that Polβ can form contacts with APE1 and PARP1 in the absence of DNA [36]. The interaction of PARP1, Polβ, and APE1 with nick-containing DNA was shown by photoaffinity labeling of BER proteins in a cell extract [37], indicating the interaction of these proteins during repair synthesis catalyzed by Polβ.




2. Functional Properties of Polβ


Polβ is considered the main repair DNA polymerase involved in the BER pathway, which plays an important part in the repair of damaged heterocyclic bases usually resulting from alkylation or oxidation [38,39,40]. In addition, Polβ participates in many other processes in the cell, namely, maintenance of the stability of the genome [41] and telomeres [42,43], meiosis [44], and nonhomologous end joining [45,46].



Polβ is a 39 kDa enzyme consisting of 335 amino acid residues encoded by the POLB gene located in the p11 region of chromosome 8 [47]. Polβ consists of one subunit, which can be divided into two domains by partial proteolytic cleavage. The 8 kDa N-terminal domain contains amino acid residues important for dRP lyase activity, and the 31 kDa C-terminal domain comprises amino acid residues necessary for nucleotidyl transferase activity.



For DNA synthesis, Polβ needs a template; for this purpose, the enzyme can bind to DNA of various structures. Although Polβ is capable of synthesizing DNA on a template consisting of a recessed DNA, nicked DNA, or gapped DNA, the enzyme is better at processing DNA containing small gaps with a 3′-hydroxyl group on the primer and a downstream 5′ phosphate that binds to the 8 kDa domain of the protein [48,49,50]. In a study on the Klenow fragment, reverse transcriptase and T7 RNA polymerase, a polymerase reaction mechanism, were proposed [51,52], additional evidence for which was provided by structural analyses of the Polβ triple complex with both substrates (DNA and dNTP) [53].



The active site of DNA polymerase contains a cluster of conserved amino acid residues carrying carboxyl groups and other polar amino acid residues at the polymerase active cavity (cleft). Carboxyl groups are critical for catalyzing the phosphoryl transfer reaction involving a nucleophilic attack by a 3′-hydroxyl group at the primer end on the α-phosphate of dNTP, releasing pyrophosphate.



In the proposed mechanism (Figure 2), these carboxyl groups coordinate two divalent metal ions, which then play a major role in catalysis [54]. One divalent metal ion (designated as Mg2+ ion B) promotes deprotonation of the 3′-hydroxyl group of the primer, while the other (Mg2+ ion A) stimulates the formation of a pentacovalent transition state of dNTP α-phosphate and departure of the leaving pyrophosphate group. The structure of the Polβ ternary complex [53] shows the coordination of two metal ions separated by ~4 Å (0.4 nm).



Binding of the 5′-phosphate group is mediated by a lysine-rich 5′-phosphate–binding pocket located in the 8 kDa domain. This domain is essential for the activity of DNA polymerase because it increases DNA binding and polymerase processivity [55]. The general catalytic mechanism of Polβ follows the principle of sequential addition of substrates. First, Polβ binds to a DNA substrate and prefers DNA with short gaps containing a 3′-OH group and 5′-phosphate group. The enzyme then binds an incoming dNTP by preferably associating with the correct deoxynucleoside triphosphate, which is hydrogen-bonded to the template backbone.



Upon the binding of dNTP, the enzyme undergoes conformational changes: considerable motion of subdomains as well as lower-amplitude conformational rearrangements of side chains [56]. Such conformational rearrangements cause the optimal arrangement of substrates for the direct nucleophilic attack of O3′ on αP of the incoming nucleotide, in accordance with the generally accepted catalytic mechanism of DNA polymerases, with two metal ions and three catalytic aspartate residues (positions 190, 192, and 256) [57]. After the chemical stage, at which nucleotidyl transfer occurs, a second conformational change associated with the opening of the subdomain becomes possible, where pyrophosphate is released and the product dissociates.



The proposed two-metal-ion mechanism has been considered universal for all DNA polymerases (Figure 2A). Nevertheless, for DNA polymerases from Y and X structural families, there is some evidence supporting the participation of a transient third divalent metal ion [58,59,60,61,62,63,64,65,66,67,68]. It is still not clear at which stage of the enzymatic process the third divalent metal ion appears—during nucleotidyl transfer [58,60,62,65] or product complexation [59,63,64]—or what its role is in the stabilization of the transition state (Figure 2B), in modulation of the chemical equilibrium of the nucleotidyl transfer through product state stabilization, in the catalysis of the reverse reaction (Figure 2C), or in product release.



Polβ is also active toward DNA molecules containing short gaps (2–6 nt), although its processivity is not as high as that of some other DNA polymerases and depends on the template DNA [48,69]. Polβ is capable of strand displacement synthesis, where it displaces the underlying DNA region [70]. This strand displacement synthesis is regulated in the cell via interactions with various proteins such as XRCC1, FEN-1, PARP1, APE1, and LigIII [25,71,72,73].



In addition to its nucleotidyl transferase activity, Polβ possesses dRP lyase and AP lyase activities, and the former is more efficient (Figure 3) [12,74,75]. Deoxyribophosphate lyase activity (dRP lyase) is implemented by the 8 kDa domain. The Lys72 residue takes part in the formation of the Schiff base, and them the β-elimination reaction of the 3′-terminal phosphate group occurs. The 2,3′-unsaturated aldehyde is released from the 8 kDa domain.




3. Effects of Single-Nucleotide Polymorphisms (SNPs) on Polβ Activity


The expression of Polβ is essential for the cell’s response to the DNA damage that occurs during natural cellular processes. Defects in Polβ can lead to premature aging [76], cancers [77], and neurodegenerative diseases [78,79]. It is known that functionally deficient Polβ mutants have low efficiency of DNA repair, thereby, leading to a higher frequency of mutations in the genome.



Tumor cells carry significantly more mutations than somatic cells do, and the frequency of somatic mutations is not high enough to account for the number of mutations found in tumors [80]. To explain such a large number of mutations, it is assumed that cancer cells have a mutator phenotype [80]. This phenotype is believed to arise from mutations in genes encoding proteins that maintain genome stability [81].



One example in support of the mutator phenotype hypothesis is the discovery that mutation of certain genes in the DNA repair mismatch pathway results in hereditary nonpolyposis colon cancer [82]. It is reported that 30% of the human tumors that have been analyzed express proteins of polymorphic variants of Polβ, which are not found in normal tissue [77]. Some of these variants promote cell transformation and resistance to such chemotherapeutic agents as cisplatin [38,40,83].



The detected single-nucleotide mutations are not concentrated in any specific region of the protein and are localized in all subdomains of Polβ. It is known that mutations that affect the dRP lyase or polymerase activity of Polβ [84,85,86,87] reduce the efficiency of BER and cause hypersensitivity to alkylating or oxidizing agents. Some polymorphisms can lead to a substitution of functionally significant amino acid residues and therefore affect the catalytic activity of the enzyme and the accuracy of insertion of the desired nucleotide opposite the single-nucleotide gap formed in DNA.



On the other hand, other known substitutions of amino acid residues are far away from the polymerase or lyase active sites of Polβ but are associated with various types of cancers. Such mutations may disrupt protein–protein interactions of Polβ with other proteins, for example, with enzymes involved in BER. It is known that Polβ does interact with enzymes from this pathway, for instance, with human AP endonuclease APE1 [25], XRCC1 proteins [26,27,28], and PCNA [29]. Nonetheless, it is still unclear what the effect of protein–protein interactions between BER participants is on the efficiency of damaged-heterocyclic-base repair in DNA.



SNPs represent the most common type of genetic variation in humans [88]. Genetic variation caused by SNPs, in particular nonsynonymous SNPs (nsSNPs) arising in protein-coding regions, alters the encoded amino acid and can induce structural and functional changes in the mutated protein. Not all of the structural and functional changes caused by an nsSNP are potentially destructive or harmful. Some nsSNPs influence structural properties, whereas others have functional implications. Databases contain information about more than 8000 SNPs in the gene of Polβ.



Polymorphisms can lead to biochemical changes, BER deficiency, and predisposition to cancer [84,89,90,91,92]; therefore, an important and urgent task for researchers is to determine the impact of polymorphisms on cancer predisposition and to find possible reasons for this predisposition: a decrease in Polβ activity due to specific point mutations or the influence of these mutations on interactions with other proteins partaking in DNA repair. There are polymorphic variants of Polβ (containing substitutions of amino acid residues) that manifest a significant change in the enzymatic activity of this protein.



3.1. In Silico Prediction of Effects of Polβ SNPs


Currently, there are many bioinformatic approaches that allow predicting the influence of an SNP on protein function. Here, we analyzed known polymorphisms of Polβ to identify those that can have a damaging effect on Polβ function.



Information about known SNPs of Polβ was retrieved from the NCBI dbSNP database (http://www.ncbi.nlm.nih.gov/snp) (accessed on 20 February 2021). SNPs leading to an amino acid substitution (nonsynonymous or missense mutation) were tested in six software applications (SIFT (Sorting Intolerant From Tolerant) [93,94], PolyPhen (Polymorphism Phenotyping) [95], CADD (Combined Annotation-Dependent Depletion) [96], REVEL (Rare Exome Variant Ensemble Learner) [97], MetaLR [98], and Provean (Protein Variation Effect Analyzer) [99]) regarding the hypothetical ability to influence protein function.



Multiple resources were employed to predict the implications of SNPs to improve the reliability of the predictions and to obtain a list of SNPs that are predicted to have a negative impact in at least five of the six programs used. Finding a set of deleterious SNPs by only one predictive approach may not always be sufficient and useful because some SNPs that have an estimated effect close to a cutoff may turn out to be false predictions.



After the checking in the programs, we selected those polymorphic forms of Polβ where amino acid substitution exerted a damaging effect (SIFT: deleterious/tolerated, PolyPhen: probably and possibly damaging/benign, CADD: likely deleterious/likely benign, REVEL: likely disease causing/likely benign, MetaLR: damaging/tolerated, and Provean: deleterious/neutral). Table 1 shows the chosen polymorphic variants in which the effect of an amino acid substitution was predicted to be damaging in at least five of the six programs.



Twenty-two such SNPs of Polβ were found (Figure 4). It should be noted that, among the listed predicted polymorphic variants, there are those for which supporting experimental data are available in the literature (for example, R152L, L22P, and K35E). As displayed in Table 1, the selected polymorphic variants represent substitutions of amino acid residues in various structural domains and functional regions of Polβ. Some mutations affect functionally important amino acid residues (e.g., Lys35 and Asp192), and some are located in the unstructured region of the protein (Pro330 and Arg333). A detailed analysis of known missense SNPs of Polβ is provided in Supplementary Table S1.




3.2. Cancers Associated with SNPs of Polβ


Reduced expression of Polβ in mice causes embryonic death [104], and embryonic fibroblasts obtained from such mice are insensitive to alkylating agents [14,105]. Downregulation of Polβ by small interfering RNA in a human cancer cell line enhances sensitivity to a chemotherapeutic agent [106,107]. On the other hand, Polβ overexpression in preclinical models is implicated in resistance to DNA-damaging agents [108,109].



It was recently demonstrated that a germline polymorphism of the POLΒ gene that encodes a Polβ variant with low catalytic activity induces cellular transformation and may be associated with increased susceptibility to cancer [110,111]. Approximately 30% of human tumors seem to express variant Polβ proteins that can induce cellular transformation in vitro. Moreover, mRNA expression of Polβ can also be impaired in some tumors, such as breast tumors [106].



For some SNPs, there is information in databases (COSMIC, HiveBiochemistry, and cBioportal) about the presence in various types of cancer (Supplementary Table S2) [78,83,84,85]. Mutations that affect the dRP lyase or polymerase activity of Polβ [84,85,86,87] are known to reduce the effectiveness of BER and cause hypersensitivity to alkylating or oxidizing agents. SNPs can lead to biochemical changes, BER deficiency, and predisposition to cancer [84,89,90,91,92].



Therefore, it is important to determine the effect of SNPs on predisposition to cancers and to identify possible causes of such predisposition: a decrease in Polβ activity due to a specific SNP or the influence of the SNP on interactions with other proteins involved in DNA repair. The predicted SNPs capable of strongly affecting Polβ function were checked by us for occurrence in various cancers according to databases cBioportal, HiveBiochemistry, and COSMIC (Table 2). The mutations causing amino acid substitutions at the same position as do the predicted SNPs, with a strong effect on Polβ function, were also added into Table 2.



The 10 amino acid substitutions of the 22 SNPs predicted to have a strong negative impact on Polβ function proved to have relevance to cancer. These data suggest that it is possible to predict the negative effect of some mutations that have not yet been detected in tumors.




3.3. Experimentally Tested Variants of Polβ


To date, experimental data on many polymorphic variants have been published. Most of these mutations have been found in tumors of patients with various cancers. The found SNPs affect different parts of the Polβ protein and alter Polβ function in different ways. The locations of known published SNPs are depicted in Figure 5.



3.3.1. Glu295Lys


The polymorphic variant containing the Glu295Lys substitution does not possess polymerase activity, thereby, leading to the emergence of unfilled gaps in DNA, remaining for example after the action of AP endonuclease. This mutant of Polβ has been detected in patients with gastric carcinoma [84,112]. It was shown that mutant Glu295Lys binds to DNA containing a single-nucleotide gap as efficiently as does wild-type Polβ (the dissociation constants KD are 28 and 12 nM, respectively) [84]. Mutant Glu295Lys also retains dRP lyase activity.



Glu295 is located in the thumb subdomain of Polβ [113] . Based on X-ray-structural data, it can be assumed that, in the absence of DNA and deoxyribonucleotide triphosphates, the thumb subdomain is spatially closer to the palm subdomain, and residue Asp192 forms an ionic bond with Arg258, whereas Glu295 and Tyr296 engage in hydrogen-bonding interactions with the Arg258 residue. The Glu295Lys mutation significantly changes the polarity of the amino acid residue at this position, and it is possible that, due to this alteration, the interaction between residues Asp192 and Arg258 will be preserved. As a consequence, Asp192 cannot participate in the deoxyribonucleotide triphosphate transfer step.




3.3.2. Leu22Pro


Another polymorphic Polβ variant associated with gastric cancer is Leu22Pro. It has been shown that this mutant does not possess the 5′-dRP lyase activity [102], which is necessary for the normal functioning of BER. Nevertheless, the Leu22Pro variant is able to fill gaps in DNA, that is, it has nucleotidyl transferase activity, as well as weakened affinity for DNA as compared to the wild-type enzyme. It is noteworthy that Leu22 is not a catalytic residue. This role is executed by Lys72 [114, but a substitution of this amino acid residue can eliminate the enzymatic activity. Residues important for DNA binding in the N-terminal 8 kDa domain are Lys41, Lys60, His34, Arg40, Tyr39, Lys 68, Lys 72, and Arg83 [114].



Although for Leu22, there are no structural details on the interaction with DNA, Leu is known to be an α-helix–stabilizing amino acid residue [115]. Thus, the Leu22 residue most likely contributes to the overall stability of the adjacent structural DNA-binding helix hairpin helix (HhH) domain (amino acid residues 55–79). Replacement of amino acid residue Leu22 (which stabilizes α-helix 1: residues 13–28) by Pro results in a several fold decrease in the efficiency of binding of the enzyme to DNA; therefore, if α-helix 1 is destabilized, then this alteration is likely to affect the DNA-binding site.




3.3.3. Glu288Lys


There is a known polymorphic variant of Polβ, Glu288Lys, that is associated with rectal cancer and increases the frequency of mutations in A:T base pairs by threefold as compared to normal cells [116]. Polβ containing the Glu288Lys substitution does not differ in thermal stability and secondary structure from the wild-type enzyme. The dissociation constants KD of the mutant and wild-type enzyme are also identical (19 ± 3 and 19 ± 1 nM, respectively) for the interaction with DNA containing a single-nucleotide gap.



The polymerase reaction rate constant kobs and the rate of product release kss are similar between these enzymes as well (kobs = 8 ± 1 and 13.8 ± 0.5 s−1 and kss = 0.6 ± 0.2 and 0.68 ± 0.06 s−1 for wild-type Polβ and mutant Glu288Lys, respectively). The enzyme containing the Glu288Lys substitution has been shown to have lower fidelity on DNA containing a single-nucleotide gap opposite to adenosine. In addition, this loss of precision is specific to adenosine templates only because the results on DNA substrates containing other template bases are the same as those for wild-type Polβ [116].




3.3.4. Arg152Cys


Another polymorphic variant found in patients with rectal adenocarcinoma is Polβ Arg152Cys. This substitution of arginine 152 with cysteine is of particular interest because of its location in the protein globule and its impact on the overall charge of the enzyme [55]. Additionally, Arg152 is known to be a methylation site in Polβ [117]. Analysis of tertiary structure of the polymorphic variant by circular dichroism spectroscopy has revealed that the structure does not differ from that of the wild-type enzyme. The activity of the mutant enzyme has also been tested. The polymorphic variant has a significantly lower polymerase activity when the primer is extended and the single-nucleotide gap in the DNA duplex is filled.



Nevertheless, the dRP lyase activity and the ability to bind to DNA do not differ between the mutant Polβ and wild-type enzyme [38]. A possible reason is that the Arg152Cys mutation is located in the 31 kDa domain responsible for the polymerase activity of the enzyme, whereas the residues responsible for the dRP lyase activity and for DNA binding are situated in the 8 kDa domain. Experiments with nuclear extracts of HEK 293 cells expressing Polβ Arg152Cys and the wild-type enzyme indicate that the repair of DNA duplexes containing a uridine or tetrahydrofuran residue occurs less efficiently with Polβ Arg152Cys [38].



In that report, cells carrying the Polβ Arg152Cys variant accumulated more damage in genomic DNA when exposed to DNA-damaging agents. From these findings, it can be deduced that the Arg152Cys mutation reduces the biochemical activity of Polβ and may impair BER and contribute to genome instability and cancer. By contrast, when protein–protein interactions of Polβ Arg152Cys with other BER proteins were assessed, it was shown that the Arg152Cys substitution does not affect the interaction with enzymes APE1 and FEN1 and the protein PCNA.




3.3.5. Arg137Gln


This is a known polymorphic variant of Polβ that has not yet been associated with any type of cancer. Nonetheless, this substitution is of interest because arginine at position 137 is located in the helix of the Polβ protein [113] and forms salt bridges with other adjacent amino acid residues. Replacement of the Arg by Gln leads to a loss of the positive charge and can result in substantial changes in biochemical and physiological properties of the enzyme. In addition, arginine 137 in Polβ is a site of methylation by the PRMT1 enzyme [39]. It has been found that the Arg137Gln mutation significantly reduces the polymerase activity (to 30% of the wild-type enzymatic activity), but at the same time, no changes are detectable in the course of dRP lyase activity and in the efficiency of binding to DNA because the Arg137Gln substitution affects the DNA polymerase catalytic domain (31 kDa domain) but not the dRP lyase (8 kDa) domain [118].



The Arg137Gln substitution has been reported to disrupt protein–protein interactions between Polβ and PCNA [118]. It has also been demonstrated that the Arg137Gln substitution impairs embryonic development in mice and increases sensitivity to DNA-damaging agents, such as H2O2 and methyl methanesulfonate [39].




3.3.6. Asp160Gly


Some of the known polymorphic variants alter the polymerase activity of Polβ, for example, the Asp160Gly variant. This substitution is located in the palm subdomain and has been found in patients with renal carcinoma [99]. The substitution has been shown to increase the rate of the polymerase reaction of primer strand extension and filling of single-nucleotide gaps [119]. The greater efficiency of these reactions as compared to the wild-type enzyme may be attributed to the stronger DNA-binding affinity of the mutant enzyme [119]. To investigate the effect of this substitution on the sensitivity of cells to cisplatin, a Polβ variant called Asp160Gly was expressed in MCF-7 cells; it was demonstrated that the cells overexpressing Polβ Asp160Gly were more sensitive to cisplatin than are cells overexpressing wild-type Polβ.




3.3.7. Lys289Met


This polymorphic variant correlates with rectal cancer. Residue Lys289 is located in the “fingers” subdomain, at the end of the α-helix (N α-helix). This α-helix is important for the closure of the finger domain when the correct nucleotide triphosphate binds. This variant more frequently attaches cytidine triphosphate opposite cytidine in DNA owing to poor discrimination of triphosphates during the transferase reaction. Lys289 forms an ionic bond (salt bridge) with the Gln324 residue in the ternary complex, and this interaction stabilizes the α-helix in the closed conformation.



Substitution of lysine 289 with methionine can lead to a local alteration of interactions during the formation of the ternary closed complex [120]. It has been shown that the rate constant of nucleotide triphosphate incorporation into DNA containing a single-nucleotide gap in this variant of Polβ is significantly lower than that of the wild-type enzyme. At the same time, the dissociation constant KD is virtually the same (1.3 ± 0.3 versus 2.3 ± 0.3 μM for Lys289Met and wild-type Polβ, respectively). Consequently, this substitution influences the stage of insertion of the correct nucleotide into DNA containing a gap owing to a decrease in the catalytic reaction rate constant, not because of the weaker affinity of the Polβ variant for DNA.




3.3.8. His285Asp


This mutant of Polβ has been found in patients with rectal cancer [121]. A comparison of circular-dichroism spectra revealed that the general folding of the protein globule in the wild-type enzyme did not differ from that in the mutant [122]. It was reported that, under pre–steady-state conditions of the interaction of Polβ with DNA containing a gap, the observed reaction rate constants were similar between the wild-type and polymorphic variant (kobs = 14 ± 2 versus 16 ± 1 s−1, respectively); a fast catalytic step of attachment of the nucleotide triphosphate to the DNA is followed by a slower step of the product release.



The dissociation constants of the enzyme–DNA complex turned out to be comparable between the mutant and wild-type Polβ (9.2 ± 0.7 versus 6.7 ± 0.8 nM, respectively). Relative to the wild-type enzyme, the mutant possesses comparable fidelity (accuracy of incorporation of the correct nucleotide triphosphate into the DNA template). Histidine 285 is located in the α-helix (N α-helix) in the finger subdomain. The N α-helix spans amino acid residues 275–289, some of which are critical for Polβ fidelity. The N α-helix contacts DNA along the minor groove when Polβ is in a closed conformation (bound to both DNA and dNTP), and the formation of a pocket for dNTP binding becomes possible.



His285 in the ternary complex is in close proximity to Lys289, and the nitrogen of the imidazole ring engages in a hydrogen bond with the carbonyl oxygen of the main chain of Ile323. The interactions of nitrogen atoms of Lys289 and His285 with the carbonyl oxygen of Ile323 appear to be important for keeping Polβ C-terminal unstructured amino acid residues 320–335 in place.






4. Conclusions


Our analysis of the literature indicated that SNPs in the POLΒ gene can have dramatic consequences. Some of the resultant amino acid substitutions are important for the maintenance of the native structure of Polβ and the contacts with DNA; others affect the catalytic activity of the enzyme or play a part in the precise and correct attachment of the required nucleotide triphosphate.



On the other hand, the amino acid substitutions in Polβ can affect interactions with other proteins, for example, with enzymes involved in BER, while the enzymatic activity of the polymorphic variant may not differ significantly from that of the wild-type enzyme. Moreover, both these and other SNPs can correlate with various types of tumors in patients. Therefore, investigation regarding the effect of Polβ mutations occurring in the human population regarding enzymatic activity and protein–protein interactions is an urgent scientific task.
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Figure 1. The scheme of short- and long-patch pathways of BER. 
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Figure 2. Proposed mechanisms underlying two- and three-divalent-metal-ion catalysis of nucleotidyl transfer (A,B) and facilitation of pyrophosphorolysis by a third divalent metal ion (C). The divalent metal ions are presented as red circles. (A) The two-divalent-metal-ion mechanism. The catalytic metal ion at site A is also coordinated by the 3′-OH of the primer, active-site carboxylate groups (Asp 190, 192, and 256), and a water molecule. The metal ion at site B is coordinated by active-site carboxylates (Asp 190 and 192), a water molecule, and nonbridging oxygen atoms of the β- and γ-phosphates. The 3′-OH of the primer is activated for a nucleophilic attack on the α-phosphate of the incoming dNTP. (B) The three-divalent-metal-ion mechanism. The C-site ion is coordinated by water molecules and the nonbridging oxygen atom of the α-phosphate and the bridging oxygen between α- and β-phosphates. The reaction proceeds as in (A) except that a third divalent metal ion at site C seems to stabilize the transition state or participates in the reverse reaction: pyrophosphorolysis. (C) Pyrophosphorolysis assisted by the third divalent metal ion. The third C-site divalent metal ion may help with the deprotonation and stabilization of O1 of PPi. This atom may then attack the nascent phosphodiester bond of the DNA backbone, and the primer 3′-hydroxyl can be protonated to restore the precatalytic active site for nucleotide incorporation. 
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Figure 3. The mechanism of dRP lyase activity of Polβ. 
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Figure 4. The locations of substitutions—caused by the SNPs predicted to be damaging—in Polβ structure (Protein Data Bank [PDB] ID: 7K96). (A) The 8 kDa dRP lyase domain is blue (B), the finger domain is green (C), the palm domain is light purple (D), and the thumb domain is orange. The affected amino acid residues are highlighted in dark purple. 
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Figure 5. Locations of known experimentally tested Polβ SNPs in the protein’s structure (PDB ID: 7K96, DNA not shown). The dRP lyase domain is blue, the finger domain green, the palm domain light purple, and the thumb domain is orange. The substituted amino acids are highlighted in dark purple. 
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Table 1. The list of Polβ SNPs capable of strongly altering the function of the DNA polymerase as predicted by at least five programs (SIFT, PolyPhen, CADD, REVEL, MetaLR, and/or Provean).
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	SNP
	SIFT
	PolyPhen
	CADD
	REVEL
	MetaLR
	Provean
	Refs. for Experimental Confirmation





	1
	L19P
	Deleterious
	Probably damaging
	Likely deleterious
	Likely disease causing
	Damaging
	Deleterious
	



	2
	L22P
	Deleterious
	Probably damaging
	Likely deleterious
	Likely disease causing
	Tolerated
	Deleterious
	[100,101,102]



	3
	K35E
	Deleterious
	Probably damaging
	Likely deleterious
	Likely disease causing
	Tolerated
	Deleterious
	[75]



	4
	A42T
	Deleterious
	Probably damaging
	Likely benign
	Likely disease causing
	Damaging
	Deleterious
	



	5
	G66R
	Deleterious
	Probably damaging
	Likely benign
	Likely disease causing
	Damaging
	Deleterious
	



	6
	G118V
	Deleterious
	Probably damaging
	Likely deleterious
	Likely disease causing
	Damaging
	Deleterious
	



	7
	L122R
	Deleterious
	Probably damaging
	Likely benign
	Likely disease causing
	Damaging
	Deleterious
	



	8
	R149I
	Deleterious
	Possibly damaging
	Likely deleterious
	Likely disease causing
	Tolerated
	Deleterious
	



	9
	P151L
	Deleterious
	Possibly damaging
	Likely benign
	Likely disease causing
	Damaging
	Deleterious
	



	10
	R152L
	Deleterious
	Probably damaging
	Likely deleterious
	Likely benign
	Damaging
	Deleterious
	[103]



	11
	E154A
	Deleterious
	Probably damaging
	Likely deleterious
	Likely disease causing
	Damaging
	Deleterious
	



	12
	G189D
	Deleterious
	Probably damaging
	Likely benign
	Likely disease causing
	Damaging
	Deleterious
	



	13
	D192G
	Deleterious
	Probably damaging
	Likely deleterious
	Likely disease causing
	Damaging
	Deleterious
	



	14
	M236T
	Deleterious
	Probably damaging
	Likely deleterious
	Likely disease causing
	Tolerated
	Deleterious
	



	15
	G237V
	Deleterious
	Probably damaging
	Likely deleterious
	Likely disease causing
	Tolerated
	Deleterious
	



	16
	R254I
	Deleterious
	Probably damaging
	Likely deleterious
	Likely disease causing
	Tolerated
	Deleterious
	



	17
	G274R
	Deleterious
	Probably damaging
	Likely benign
	Likely disease causing
	Damaging
	Deleterious
	



	18
	G290C
	Deleterious
	Probably damaging
	Likely deleterious
	Likely disease causing
	Damaging
	Deleterious
	



	19
	E316K
	Deleterious
	Probably damaging
	Likely benign
	Likely disease causing
	Damaging
	Deleterious
	



	20
	P330L
	Deleterious
	Probably damaging
	Likely benign
	Likely disease causing
	Damaging
	Deleterious
	



	21
	R333W
	Deleterious
	Probably damaging
	Likely benign
	Likely disease causing
	Damaging
	Deleterious
	



	22
	R333Q
	Deleterious
	Possibly damaging
	Likely benign
	Likely disease causing
	Damaging
	Deleterious
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Table 2. Occurrence—in various types of tumors—of Polβ mutations causing an amino acid substitution at the same position as do the predicted SNPs of Polβ (see Table 1).
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	SNP
	Cbioportal

https://www.cbioportal.org/ (accessed on 21 February 2021)
	HiveBiochemistry

https://hive.biochemistry.gwu.edu/biomuta (accessed on 21 February 2021)
	COSMIC

https://cancer.sanger.ac.uk/cosmic (accessed on 21 February 2021)





	1
	L22P
	
	
	Carcinoma: L22F



	2
	R152L
	Rectal adenocarcinoma: R152C
	Lung cancer: R152P, malignant glioma: R152H
	Lung cancer: R152P



	3
	G189D
	
	Liver cancer: G189V
	



	4
	D192G
	Colon adenocarcinoma: D192H
	Melanoma, colorectal cancer: D192H
	



	5
	M236T
	
	Liver cancer: M236I
	



	6
	R254I
	Uterine endometrioid carcinoma
	Uterine cancer
	



	7
	G274R
	Melanoma: G274V
	
	Malignant melanoma: G274V



	8
	G290C
	
	Uterine cancer: G290D
	



	9
	R333W
	
	Prostate cancer
	Prostate adenocarcinoma



	10
	R333Q
	Colon adenocarcinoma
	Colorectal cancer
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