

  dna-03-00005




dna-03-00005







DNA 2023, 3(2), 65-84; doi:10.3390/dna3020005




Review



Kinetic Studies on the 2-Oxoglutarate/Fe(II)-Dependent Nucleic Acid Modifying Enzymes from the AlkB and TET Families



Zhiyuan Peng 1, Jian Ma 1, Christo Z. Christov 2, Tatyana Karabencheva-Christova 2, Nicolai Lehnert 3[image: Orcid] and Deyu Li 1,*[image: Orcid]





1



Department of Biomedical and Pharmaceutical Sciences, College of Pharmacy, University of Rhode Island, Kingston, RI 02881, USA






2



Department of Chemistry, Michigan Technological University, Houghton, MI 49931, USA






3



Department of Chemistry and Department of Biophysics, University of Michigan, Ann Arbor, MI 48109, USA









*



Correspondence: deyuli@uri.edu







Academic Editor: Tina Bianco-Miotto



Received: 22 December 2022 / Revised: 3 March 2023 / Accepted: 13 March 2023 / Published: 30 March 2023



Abstract

:

Nucleic acid methylations are important genetic and epigenetic biomarkers. The formation and removal of these markers is related to either methylation or demethylation. In this review, we focus on the demethylation or oxidative modification that is mediated by the 2-oxoglutarate (2-OG)/Fe(II)-dependent AlkB/TET family enzymes. In the catalytic process, most enzymes oxidize 2-OG to succinate, in the meantime oxidizing methyl to hydroxymethyl, leaving formaldehyde and generating demethylated base. The AlkB enzyme from Escherichia coli has nine human homologs (ALKBH1-8 and FTO) and the TET family includes three members, TET1 to 3. Among them, some enzymes have been carefully studied, but for certain enzymes, few studies have been carried out. This review focuses on the kinetic properties of those 2-OG/Fe(II)-dependent enzymes and their alkyl substrates. We also provide some discussions on the future directions of this field.
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1. Introduction


DNA and RNA are modified by exogenous and endogenous chemicals, such as methyl methanesulfonate (MMS) [1], dimethyl sulfate [2], acrolein, malondialdehyde [3], S-adenosylmethionine (SAM), and PUFA (polyunsaturated fatty acids), causing a variety of modifications [4,5,6]. Escherichia coli AlkB protein is one of the four proteins (Ada, AlkA, AlkB, and AidB) induced during the adaptive response to counteract the attack of alkylating agents [7,8,9,10]. AlkB was subsequently discovered as an Fe(II)/2-oxoglutarate (or α-ketoglutarate, 2-OG or α-KG)-dependent dioxygenase (Figure 1) [11,12,13,14]. This dioxygenase uses both oxygen atoms from O2 during the repair; one oxygen is utilized in the hydroxylated nucleic acid product and the other is used for the oxidation of the co-substrate 2-OG to succinate [15,16,17]. 2-OG-dependent dioxygenase was first discovered in 1967: Hutton et al. reported an oxygenase-dependent reaction catalyzed by collagen prolyl hydroxylase (CPH) that requires 2-OG [18]. Since this discovery, scientists have identified many 2-OG-dependent enzymes in the biological processes of plants and animals [19]. The TET/JBP family also belongs to the 2-OG oxygenases. The AlkB, TET and JBP family enzymes have been studied extensively for their DNA/RNA modification activities. The overall reaction mechanism of the AlkB/TET enzymes follows the general strategy of non-heme Fe(II)/2-OG enzymes that includes 2-OG binding and DNA/RNA substrate binding, followed by dioxygen binding and activation, hydrogen atom transfer, rebound hydroxylation and product release (Figure 2) [20].



Initially, AlkB was reported to oxidize 1-methyladenine (m1A) and 3-methylcytosine (m3C) in DNA, with loss of formaldehyde and recovery of the unmodified bases [13,14]. Later, this enzyme was found to repair lesions in RNA as well [11]. Other substrates include 1-methylguanine (m1G), 3-methylthymine (m3T) [21,22], N2-methylguanine (m2G) and N4-methylcytosine (m4C) [23], N6-methyladenine (m6A) [24], 1,N6-ethanoadenine (EA) [24], 1,N6-ethenoadenine (εA) [25,26], and other adducts [27,28]. AlkB human homologs have been identified as ALKBH1-8 [29] and FTO [30] (also referred as ALKBH9). ALKBH2 and ALKBH3 have been reported to repair m1A and m3C in DNA [31], and ALKBH3 can also repair lesions in RNA [11]. Later, other homologs were investigated for their dealkylation activities. For example, FTO (fat mass and obesity associated [32]) was discovered to demethylate m6A in DNA or RNA (Figure 1) [33]. TET family enzymes (TET1-3) oxidize 5-methylcytosine (m5C) in DNA in successive steps to 5-hydroxymethylcytosine (hm5C), 5-formylcytosine (f5C), and 5-carboxylcytosine (ca5C) (Figure 1) [34,35,36,37,38,39,40]. JBP family enzymes (JBP1 and 2) can perform the oxidative hydroxylation of thymine to 5-hydroxymethyluracil (hm5U) in the biosynthesis of Base J (β-D-glucosyl-hydroxymethyluracil) [41,42,43]. For recent progresses on the AlkB, TET and JBP family enzymes, please see several review articles [44,45,46,47]. In order to determine whether a certain substrate is either a strong or weak substrate of a protein, kinetic study is a reliable way to distinguish it. This review mainly focuses on the kinetic behaviors of these enzymes in reactions with different DNA/RNA substrates. Some other studies aimed to investigate the enzyme–substrate complex formation and individual steps of the reaction pathways [48,49,50].



Non-enzymatic methylations from endogenous SAM [6] or exogenous methylating agents, such as MMS [1] and dimethyl sulfate [2], are the major sources that generate methylated modifications. Some modifications, including m3C, m1G, and m3T, are mutagenic [21], while others, including m6A, m4C and m2G in DNA, do not disrupt Watson–Crick base pairing and thus are not mutagenic [23]. Epigenetic marker m5C constitutes 60–80% of human genomic DNA on the CpG islands [51,52]; it also appears on non-CpG methylation [53]. m6A is 0.1–0.4% of total adenosine residues in cellular RNA [54]. Etheno-DNA lesions are a type of highly mutagenic and toxic biomarker; they are formed from products of either lipid peroxidation (LPO) or the carcinogen vinyl chloride and its derivatives [55]. Several etheno-DNA biomarkers, including εA, 3,N4-ethenocytosine (εC), 3,N4-etheno-5-methylcytosine (ε5mC), 1,N2-ethenoguanine (1,N2-εG), and N2,3-ethenoguanine (N2,3-εG), have been characterized [56,57]. Until now, there are still many enzymes (ALKBH 4, 6, 7, 8, TET 1 and 3, and JBP1 and 2) that have not been kinetically investigated. This review aims to provide insights into the kinetic behavior of the 2-OG/Fe(II) enzymes and offers discussions on the methods of those studies. The enzymes and their substrates are summarized in Table 1, and the kinetic parameters are summarized in Table 2, Table 3 and Table 4.




2. Kinetic Studies of the AlkB and TET Family Enzymes


2.1. ALKBH1


Initially, ALKBH1 was the first mammalian AlkB homolog identified in 1996 [83]. ALKBH1 shows strong homology with AlkB (23% identity and 59% similarity) [11,84]. ALKBH1 was reported as a histone dioxygenase that modifies histone H2A methylation status [85]. ALKBH1 has also been reported to repair multiple DNA/RNA substrates: it can demethylate m3C in both DNA/RNA [86,87] and m5C in tRNA [88,89]. Additionally, ALKBH1 is involved in the demethylation of m6A in genomic DNA [58,90] and demethylation of m1A within cytoplasmic tRNAs [91].



To the best of our knowledge, only ALKBH1-mediated oxidation of m6A and m1A have been reported with kinetic data (Table 2). It was found that ALKBH1 demethylates m6A in the single-stranded regions of the mammalian genome. First, enzymatic profiling studies have determined that ALKBH1 prefers bubbled or bulged DNAs as substrates, instead of single stranded (ss)-DNA or double stranded (ds)-DNA. Additionally, enzymatic kinetic analyses were carried out with bulged DNA (kcat/Km = 0.043 min−1 µM−1) compared to ss-DNA (kcat/Km = 0.027 min−1 µM−1) to support these findings. Kinetic studies of m1A repair by ALKBH1 were also performed [91]. In the report, since ALKBH1 has a tRNA binding motif, the authors measured the maximal velocity values of m1A demethylation toward the stem-loop probes to mimic the TΨC loops of tRNA, which have a much higher rate than that towards the unstructured probes. This implies that ALKBH1 has a high preference for the stem-loop structure. The authors performed steady-state kinetics of the ALKBH1-catalyzed demethylation of m1A in the stem-loop structured RNA and unstructured RNA probes. Both ALKBH1 kinetic and other substrate studies indicate that ALKBH1 may prefer bulged DNA or stem-loops of tRNAs over ss- and ds-DNA/RNA.




2.2. ALKBH2


ALKBH2 shares the most similar substrate preference with AlkB and is classified as a bona fide DNA repair enzyme together with ALKBH3. ALKBH2 performs demethylation more efficiently on ds-DNA than ss-DNA, while ALKBH3, also an active DNA/RNA demethylase, prefers ss-DNA [11]. Structure analysis of ALKBH2 shows that it uses a finger residue to search for and flip the damaged base into the active site; this specific binding mode ensures the lesion is repaired [92]. The divergent F1 β-hairpins in the vicinity of the active sites of ALKBH2 and ALKBH3 are important for their selectivity: after switching the F1 sites between both proteins, their strand preference also switched [93]. Similar results were obtained for swapping the ss- or ds-DNA preference of ALKBH2 and ALKBH3 by changing the relevant binding motifs [94].



Major substrates for ALKBH2 are m3C and m1A [11,31], together with other minor substrates, such as m3T [22] and m1G [95]. m5C can be oxidized by ALKBH2 [96]. Exocyclic etheno lesions εA, εC, 1,N2-εG [56] are also repaired by ALKBH2. ALKBH2 is reported to repair 3-ethylthymine [97] and 1-ethyladenine [31]. Since m1A and m3C DNA lesions exist in our body and ALKBH2 repairs them most effectively among all the substrates, ALKBH2 repair of these two substrates has been intensively studied for the kinetic behavior of these reactions. The reaction mechanism of AlkBH2 has also been studied computationally using QM/MM and MD methods [20]. Importantly, these studies revealed an influence of the ds-DNA on flexibility, enzyme dynamics and long-range correlated motions in the reaction pathway.



1-Methyladenine. Because 2-OG, nucleic acid modification, and molecular oxygen are the cosubstrates of the 2-OG/Fe(II)-dependent reactions, every one of them could be used as a variable substrate for a kinetic study. The kinetic studies of m1A were completed using either DNA or 2-OG as substrates (Table 2) [61]. The results with 2-OG as co-substrate demonstrate that ALKBH2 repairs m1A in ds-DNA (kcat/Km = 0.34 min−1 µM−1) faster than ss-m1A (kcat/Km = 0.27 min−1 µM−1). Similarly, when using DNA as substrate, ALKBH2 can repair m1A in ds-DNA (kcat/Km = 0.74 min−1 µM−1) more efficiently than ss-m1A (kcat/Km = 0.25 min−1 µM−1) [61]. Furthermore, ALKBH2 is at least twice efficient at removing m1A and m3C from ds-DNA [m1A (kcat/Km = 2572.5 min−1 µM−1) and m3C (kcat/Km = 3176.0 min−1 µM−1)] compared to single-stranded DNA [m1A (kcat/Km = 1082.0 min−1 µM−1) and m3C (kcat/Km = 773.7 min−1 µM−1)]. Kinetic studies were also performed on a novel methylation-sensitive nucleic acid (RNA) probe of m1A [CGCGm1AAUUCGCG (kcat/Km = 3.4 min−1 µM−1)] [60], which switches conformation according to its methylation status. Combined with differential scanning fluorimetry measurements, this enables highly sensitive and selective detection of demethylase activity at a single methylated base level. As a result of the CGCGm1AAUUCGCG self-complementary nature, it can inherently adopt a bimolecular duplex through intermolecular base pairing and a monomolecular hairpin by intramolecular pairing. ALKBH2 kinetic properties on regular sequences [ss-RNA (kcat/Km = 4.30 min−1 µM−1) and ds-RNA (kcat/Km = 7.4 min−1 µM−1)] were also reported [60].



3-Methylcytosine. For the previously mentioned m1A kinetic studies, similar experiments were also performed on m3C [61]. The kinetic parameter for ALKBH2 repairing m3C with 2-OG as co-substrate is kcat/Km = 1.3 min−1 µM−1 for ds-DNA, which is also better than the repair of ss-m3C (kcat/Km = 1.2 min−1 µM−1). When DNA is used as substrate, ALKBH2 repairing m3C also prefers m3C in ds-DNA (kcat/Km = 1.10 min−1 µM−1) over ss-m3C (kcat/Km = 0.53 min−1 µM−1) Lee et al. [61] reported that ALKBH2 is much more efficient at removing m3C in ds-DNA (kcat/Km = 3176.0 min−1 µM−1) compared to ss-DNA (kcat/Km = 773.7 min−1 µM−1 [59]. Theoretical studies delineated the reaction mechanism of AlkBH2 with ss-DNA and ds-DNA containing m3C and revealed the key interactions involved in the catalysis [20].




2.3. ALKBH3


ALKBH3, another well-studied AlkB homolog, has been found to actively demethylate m1A and m3C in DNA/RNA, and the protein prefers ss-DNA substrates [11]. The crystal structure of ALKBH3 [98] shows a flexible hairpin involved in flip nucleotide binding and discrimination of ss/ds-DNA [93]. ALKBH3 can repair other minor substrates such as m3T and m5C in ss/ds-DNA [22,95,96]. ALKBH3 also repairs εC [56], εA [26], 3-ethylthymine [97] and 1-ethyladenine [31].



Kinetic studies of ALKBH3 are often performed in parallel with ALKBH2. For example, ALKBH3 repairs ss-DNA m1A (kcat/Km = 982.4 min−1 µM−1) and m3C (kcat/Km = 763.0 min−1 µM−1) [59]. For using 2-OG as co-substrate, ALKBH3 repairs ss-m1A (kcat/Km = 0.51 min−1 µM−1) and ss-m3C (kcat/Km = 0.87 min−1 µM−1); while using DNA as substrate, ALKBH3 repairs ss-m1A (kcat/Km = 0.52 min−1 µM−1) and ss-m3C (kcat/Km = 1.03 min−1 µM−1) [61].



Researchers revealed that ALKBH3 repairs m1A in ss-RNA (kcat/Km = 3.13 min−1 µM−1) [62]. ALKBH3 also repairs ss-m1A in RNA (kcat/Km = 3.18 min−1 µM−1), m1A in ds-RNA (kcat/Km = 0.39 min−1 µM−1), and m1A-probe in RNA (kcat/Km = 2.1 min−1 µM−1) [60]. ALKBH3 can promote cancer progression through demethylating m1A in tRNA, which is more easily cleaved by protein angiogenin into tRNA-derived small RNAs when demethylated. The following binding of the fragments to Cytochrome c prevents apoptosis [99]. ALKBH3 catalyzes demethylation of m1A and m3C in tRNA. Michaelis–Menten steady-state kinetic studies of ALKBH3 have been performed in the stem-loop structure of RNA probes that mimic TΨC loops of tRNA. The results show that ALKBH3 quickly demethylates m1A and m3C of tRNA in vitro, which is similar to the m1A demethylation activity of ALKBH1 [91]. ALKBH3 can bind with ASCC3, which is the biggest subunit of ASCC (activating signal cointergrator complex), which can counter alkylation damage [100]. And ALKBH-mediated DNA dealkylation repair has shown improved kinetics after ASCC3 binding [101].




2.4. ALKBH5


ALKBH5 proteins are partially localized in nuclear speckles and have been shown to function as an m6A RNA demethylase besides FTO [64]. m6A modifications are notably distributed within the RR(m6A)CU consensus motif, where R represents G or A [102,103]. ALKBH5 also has been reported to repair N6,N6-dimethyladenine [104]. Kinetic studies show that ALKBH5 demethylates m6A (kcat/Km = 0.12 min−1 µM−1) [64]. ALKBH5 has been correlated to FTO since they operate on the same substrate m6A in RNA. FTO and ALKBH5 have been reported to be strongly transcript-specific. Demethylation for different sequences can range from 1% to 46% for ALKBH5 catalyzed demethylation of m6A, where the sequence-containing consensus motif demonstrated high activity. Note that duplex-hairpin structures of the substrate can significantly decrease activity. Four sequences were selected to perform further steady-state kinetic studies (kcat/Km = 0.053 to 0.098 min−1 µM−1) [67]. It has been reported that ALKBH5 demethylates m6A in ss-RNA, yielding Km = 0.192 µM, and kcat/Km = 0.12 min−1 µM−1 was obtained with 2-OG as co-substrate [66]. One kinetic study investigated m6A repair by ALKBH5 in ss-RNA, while also considering the effect of NADP and its various forms on facilitating demethylation. However, there is no evidence that NADP can enhance ALKBH5 activity. The kinetic value of ALKBH5 repair of m6A is kcat/Km = 0.23 min−1 µM−1 [68]. Another kinetic study of ALKBH5 repair of m6A obtained kcat/Km = 0.11 min−1 µM−1 [65]. In the same kinetic experiment mentioned in the ALKBH3 part, they also tested ALKBH5 kinetic parameters, and the results show that ALKBH5 repairs m6A (kcat/Km = 0.098 min−1 µM−1) [62]. Furthermore, the activity of ALKBH5 on m6A was measured when researchers pursued different fusion tags to increase heterologous expression and solubility of ALKBH5 within E. coli [69]. A novel fusion tag EIN (the N-terminal domain of bacterial enzyme 1) was applied for recombinant expression of the human RNA demethylases ALKBH5 and FTO. The tag dramatically increased the solubility of the protein and was easily removed by proteases. A kinetic study was performed to evidence that the enzymes were active. These ALKBH5 proteins demethylate m6A (kcat/Km = 1.6 min−1 µM−1) [69]. Most recently, two selective, novel inhibitors were found for ALKBH5, and the authors also tested the kinetics of m6A demethylation by using 2-OG as co-substrate (kcat/Km = 18.57 min−1 µM−1) [105].




2.5. FTO


FTO is a protein that is associated with human obesity through a gene-finding strategy [106]. It was later determined that FTO is an 2-OG dependent dioxygenase that can repair m3T and 3-methyluracil [72,107]. FTO was also reported to demethylate m6A, which is partially localized in nuclear speckles [33]. Later, FTO has been reported to repair m6Am better than m6A kinetically [70]. Most recently, FTO was found to repair m1A and m3C in tRNA [108].



The oxidation of m6A by FTO generates N6-hydroxymethyladenosine (hm6A) and N6-formyladenosine (f6A) intermediates [109]. Although FTO and ALKBH5 share similar conserved active sites [110], it has been reported that ALKBH5 does not generate these intermediates. Computational studies demonstrated how conformational dynamics influences the substrate binding [111] and catalytic mechanism of FTO [112].



3-Methyluracil and 3-methythymine. FTO was shown to catalyze the demethylation of m3U in ss-RNA (kcat/Km = 0.014 min−1 µM−1) with higher efficiency than m3T in ss-DNA (kcat/Km = 0.007 min−1 µM−1) [72]. 2-OG was also identified as a co-substrate for FTO repair of m3U in an effort to determine whether FTO is a sensor for 2-OG levels. The authors used a stem-loop substrate containing m3U with FAM (6-carboxyfluorescein), which can be cleaved by RNAse after the demethylation of m3U to uracil. The Km of 2-OG was found to be 2.88 µM, which is 10-fold lower than the estimated intracellular condition. The result shows that FTO is unlikely to be a sensor for 2-OG [71].



N6,2′-O-dimethyladenosine. The kinetics of FTO demethylating m6Am were studied for m6Am adjacent to the m7G cap. mRNA can be methylated at the 2′-hydroxyl position of the ribose sugar [113]. If the nucleotide followed by m7G with a triphosphate link at 5′ end of mRNAs is 2′-O-methyladenosine (Am), it can be methylated further into m6Am [114]. FTO can demethylate m6Am with kcat/Km = 6.55 min−1 µM−1 [70].



N6-methyladenine. FTO as an RNA demethylase has efficient oxidative demethylation activity targeting the m6A residues in RNA in vitro (kcat/Km = 0.724 min−1 µM−1) [33]. NADP has been shown to strongly bind to FTO and enhance FTO-mediated m6A demethylation in vitro and in vivo. Different forms of NADP derivatives and cofactor vitamin C have been added to the reaction mixture, exhibiting different capabilities to increase FTO activity, implying that FTO is potentially involved in the regulation of the cellular redox state [68]. The authors also found that NADP exerts much less effect on ALKBH5 than FTO, implying distinct regulatory mechanisms for ALKBH5 and FTO. For FTO demethylation of m6A in ss-RNA, the kinetic parameters were reported in the presence of 50 µM cofactors, NADPH (kcat/Km = 1.01 min−1 µM−1), NADH (kcat/Km = 0.55 min−1 µM−1), NADP+ (kcat/Km = 0.29 min−1 µM−1), NAD+ (kcat/Km = 0.20 min−1 µM−1), and vitamin C (kcat/Km = 0.045 min−1 µM−1) [68]. For comparison, FTO repairs m6A under regular conditions (2 mM vitamin C) with kcat/Km = 0.78 min−1 µM−1 [68]. As mentioned above in the ALKBH5 section, m6A modifications are typically allocated within the RR(m6A)CU consensus motif. Sequence-dependent kinetic measurements were also performed for FTO demethylation of m6A; here, demethylation activities for various sequences range from 2% to 78%. Four sequences were selected to run further steady-state kinetic studies, and their kinetic data range is 0.39 to 0.77 min−1 µM−1 for kcat/Km [67]. In the previously mentioned tags fusion study, FTO demethylation of m6A was also measured for its kinetic parameters: untagged FTO demethylates m6A with kcat/Km = 0.69 min−1 µM−1 [62]. Other FTO oxidizing m6A abilities were also tested: kcat/Km = 0.0013 min−1 µM−1 [69] and kcat/Km = 0.63 min−1 µM−1 [65]. Researchers also found that FTO demethylates regular m6A at the GGm6ACU consensus motif (kcat/Km = 0.06 min−1 µM−1) and m6A next to the m7G triphosphate cap (kcat/Km = 0.07 min−1 µM−1) [70].




2.6. Ten-Eleven Translocation and J-Binding Protein (TET/JBP) Proteins


The first characterized TET/JBP family protein is JBP. It can catalyze the hydroxylation of thymine in DNA into hm5U as the first step of synthesizing base J [115,116]. It is found in the kinetoplastid flagellates, such as pathogenic Trypanosoma and Leishmania species [117,118], but is absent from eukaryotes, prokaryotes, and viruses [43].



TET proteins (TET1, TET2, and TET3) are identified as mammalian homologs of the trypanosome protein JBP [35]. Experiments show that TET proteins are 2-OG dependent enzymes that successively oxidize 5-methylcytosine into 5-hydroxymethylcytosine, 5-formylcytosine and 5-carboxylcytosine [34]. TET2 has been studied for its kinetic activity. The results show that TET2 is more active on m5C (kcat/Km = 0.27 min−1 µM−1) than hm5C (kcat/Km = 0.042 min−1 µM−1) and f5C (kcat/Km = 0.021 min−1 µM−1). hm5C is less prone to be further oxidized than m5C, suggesting that hm5C could be a potential stable biomarker for regulatory functions [63]. Until now, there has been no report on the kinetic properties of TET1 and 3. Computational studies elaborated on the catalytic mechanism of TET2 and the effects of clinically important mutations on the reaction mechanism as well as its reaction with unnatural alkylated substrates [119,120,121,122].




2.7. AlkB


AlkB is one of four enzymes in E. coli that respond to alkylation damage during the adaptive response [123]. The AlkB structure [74] shows that this enzyme uses a base-flipping mechanism to detect the damaged base [92]. Various substrates of AlkB have been reported and studied [44,124]. Computational studies revealed the catalytic mechanism of AlkB with a variety of alkylated substrates [20,125,126,127,128]. Importantly, studies reveal the effects of the nature of the substrate (ss- vs. ds-DNA) and the influence of long-range interactions and enzyme and substrate dynamics on the reaction mechanism [20].



1-Methyladenine. m1A and m3C were found to be the major substrates of AlkB. The kinetic study of AlkB repair of m1A was first performed using various substrates: minimal and extended substrate, poly(dA) containing m1A, short DNA oligonucleotides, and nucleotide triphosphate [73]. The authors found that long DNA substrates have better activity than short oligonucleotides. The minimal substrate for AlkB is 1-me-dAMP(5′) (kcat/Km = 0.80 min−1 µM−1), while the trimer dTm1AT has a high kinetic value (kcat/Km = 2.6 min−1 µM−1). In addition, substrates lacking a phosphate at the 5′ position to the lesion are poor substrates for demethylation: compare 1-me-dAMP (3′) (kcat/Km = 0.2 min−1 µM−1) to 1-me-dAMP (5′) (kcat/Km = 2.1 min−1 µM−1) [73]. Later, another study tested m1A demethylation with the same trimer sequence, dTm1AT, and obtained similar results (kcat/Km = 3.7 min−1 µM−1) [74]. Another study used formaldehyde dehydrogenase to convert the byproduct formaldehyde to formic acid and monitor the generation of an NADH analog using fluorescence. The results show that AlkB demethylates ds-1mA (kcat/Km = 0.48 min−1 µM−1) and ss-m1A (kcat/Km = 0.68 min−1 µM−1) with comparable efficiencies, and that the enzyme only has a modest preference for ss-DNA substrates [75]. In these experiments, differences in nucleic acid substrate length, the binding of diverse substrates, and coupling between successive chemical steps in the reaction cycle could account for the varying results, indicating that accessory factors could potentially influence the recognition of damaged bases in vivo. AlkB protein repairs the trimer Tm1AT (kcat/Km = 1.9 min−1 µM−1) much less efficiently compared to the pentamer CAm1AAT (kcat/Km = 97.0 min−1 µM−1) [76]. A kinetic study was performed investigating the dynamic conformational transitions of AlkB. The authors found that the key conformational transition controlling the catalytic cycle of AlkB involves movement of the nucleotide recognition lid that interacts with the Fe(II)/2-OG core. Their results show that AlkB repairs m1A with kcat/Km = 1.6 min−1 µM−1 [77]. Moreover, active site residues were identified and mutated and the results show different demethylation activities: kcat/Km = 3.7 min−1 µM−1 for unmodified AlkB repairing m1A in DNA, kcat/Km = 1.6 min−1 µM−1 for repair in RNA, kcat/Km = 0.018 min−1 µM−1 for AlkB D135N, kcat/Km = 0.030 min−1 µM−1 for AlkB E136L, and kcat/Km = 0.035 min−1 µM−1 for AlkB D135L [65]. In the previously mentioned self-complementary probe using the scanning fluorimetry technique to study ALKBH2, the authors also tested m1A repair by AlkB and found kcat/Km = 0.63 min−1 µM−1; ss-m1A repair in RNA gave kcat/Km = 2.6 min−1 µM−1; and m1A repair in ds-RNA gave kcat/Km = 3.2 min−1 µM−1 [60]. For AlkB repair of ss-m1A, kcat/Km = 0.59 min−1 µM−1 was found; and for m1A in ds-DNA, kcat/Km = 0.38 min−1 µM−1 was determined [61]. Recently, Baldwin et al. used a transient-state kinetic analysis for single turnover reactions to determine the elementary steps of the enzymatic mechanism. Their kinetic data show a faster rate than previously reported. In short, this method requires rapid mixing of a substrate with sufficient enzyme to directly observe intermediates and products formed in one single reaction cycle. The advantage of this method is that it avoids the problem of self-inactivation of dioxygenases during multiple turnovers. The transient-state kinetics analysis also shows that AlkB can repair m1A preferentially in single-stranded DNA (kcat/Km = 1317.1 min−1 µM−1) over double-stranded DNA (kcat/Km = 71.1 min−1 µM−1) [78].



3-Methylcytosine. m3C was also tested by the method of formaldehyde dehydrogenase converting formaldehyde to formic acid and monitoring the generation of an NADH analog using fluorescence. The results show that AlkB demethylates m3C in ds-DNA (kcat/Km = 0.35 min−1 µM−1) and ss-m3C (kcat/Km = 0.65 min−1 µM−1) [75]. Other studies used an approach to directly quantitate DNA substrates and products that differ by a single methyl group, based on capillary electrophoresis with laser-induced fluorescence detection. This study achieved baseline separation of a 15mer nucleotide with a fluorescence label and a single m3C unit and obtained kcat/Km = 73.6 min−1 µM−1 [80]. In the study on the dynamic conformational transitions of AlkB, similar kinetic results were obtained for AlkB repair of m3C (kcat/Km = 53.0 min−1 µM−1) [77]. AlkB kinetic parameters for repairing m3C in ss-DNA (kcat/Km = 1.2 min−1 µM−1) and ds-DNA (kcat/Km = 0.76 min−1 µM−1) were also reported [61]. Nigam et al. found that AlkB inefficiently repairs m3C in long ss-DNA but readily repairs single-stranded DNA binding protein (SSB)-bound methylated ss-DNA of equal length. The 70mer poly T was used as the DNA sequence, with m3C present in different positions in the sequence, and their AlkB efficiency was tested with SSB. m3C at position 15 shows the highest activity (Km = 8.2 µM−1) over the m3C at position 1 (Km = 2.4 µM−1), a location that could potentially be wrapped by SSB [81].



1,N6-ethenoadenine. εA is one of the etheno-DNA lesions, which are exocyclic DNA lesions usually formed by exposure to either lipid peroxidation (LPO) products or the carcinogen vinyl chloride [56]. In E. coli, it is repaired by direct reversal repair (AlkB) and base excision repair (AAG, alkyladenine DNA glycosylase). The repair of εA by AlkB was initially reported in 2005 [25,26].



Kinetic studies of AlkB repairing εA have also been carried out by different laboratories with various methods. Yu et al. performed a kinetic study of AlkB repairing the TεAT trimer and found kcat/Km = 0.002 min−1 µM−1 [76]. Gururaj et al. detected glyoxal, a byproduct of εA repair, by reaction with 2-hydrazinobenzothiazole, forming a yellow-colored compound with a distinct absorption spectrum with an absorption band at 365 nm. Their results show that a 40mer containing adenine, treated by chloroacetaldehyde to form εA, is repaired by AlkB with kcat/Km = 0.0019 min−1 µM−1 [82]. As mentioned in the above section of m1A, a transient state kinetic study shows that AlkB can repair εA in ss-DNA (kcat/Km = 8.5 min−1 µM−1) and ds-DNA (kcat/Km = 12.1 min−1 µM−1) [78].



N6-methyladenine. AlkB has a relatively low activity to m6A compared to m1A and m3C. Zhu et al. performed kinetic studies of m6A repair by wild-type and mutant AlkB. The unmodified AlkB shows kcat/Km = 0.007 min−1 µM−1, whereas the AlkB variants having swapped sequences from FTO and ALKBH5 show improved activity towards m6A [65].



1-Methylguanine. AlkB has been reported to repair m1G with weak activity. The Pan group identified the AlkB D135S variant, which has higher reactivity than the wild-type enzyme for repairing m1G. Aspartic acid 135 has been reported to be able to form H-bonds with the N6 group of adenine and N4 group of cytosine [74]. A high throughput platform was used to evaluate variants of AlkB. AlkB variant D135T has the highest activity toward m1G (kcat/Km = 15.7 ± 3.7 min−1 µM−1) [79]. The results reveal that these positively charged substrates are favorably positioned in the active site by interacting with the negatively charged carboxylate group of D135; the shorter side chain of D135S seems to allow more room to accommodate m1G while sustaining the crucial hydrogen bond with m1G, which may explain the improvement in activity. The engineered variant of AlkB D135V/L118V can covert N2,N2-dimethylguanosine (m22G) into m2G [129].




2.8. Other Mammalian Homologs of AlkB


ALKBH4, ALKBH7, and ALKBH8 have been tested with respect to their demethylation activities. ALKBH4 demethylates m6A in DNA; it can also mediate the demethylation of a monomethylated site in actin (K84me1), which controls the actin–myosin interaction and other actomyosin-dependent processes, such as cytokinesis and cell migration [130]. ALKBH6 in humans is localized in the nucleus and cytoplasm; the substrate of ALKBH6 has yet to be discovered [131,132]. ALKBH7 is nuclear-encoded but is primarily localized in the mitochondria of mammalian cells. ALKBH7 demethylates m22G and m1A within mitochondrial Ile and Leu1 pre-tRNA regions [133]. ALKBH7 has also been reported to repair εA and m3C [134]. ALKBH8 is exclusively located in the cytoplasm and has three domains: the N-terminal RNA recognition motif, the middle 2-OG/Fe(II)-dependent AlkB-like domain, and the C-terminal methyltransferase domain. Its structure and hydroxylation of 5-methoxycarbonylmethyluridine (mcm5U) suggest a potential role in the regulation of posttranscriptional tRNA modification through methylation/demethylation [135].





3. Conclusions


In this review, we inspect the AlkB and TET family proteins, mainly focusing on their kinetic behaviors. Many researchers have shown that these enzymes oxidize various substrates in DNA and RNA. Kinetic studies have provided important information with respect to the mechanism of an enzyme-catalyzed reaction by determining the rate of reaction and how the rate changes in response to changes in experimental parameters. Among the kinetic parameters, the ratio of kcat/Km provides a reliable measure of catalytic efficiency.



A useful application of kinetic studies is to compare repair efficiency of different DNA/RNA substrates (modified bases). Some examples are listed below. Studies show that ALKBH2 and ALKBH3 prefer repairing m1A/m3C over m3T, and ALKBH3 prefers to repair lesions in ss-DNA/RNA, while ALKBH2 prefers to repair lesions in ds-DNA [95]. There is more information from the kinetic studies that can further help us understand the reaction mechanism. For instance, FTO was first discovered to repair m3T and m3U, but the kinetic parameters are relatively low compared to other ALKBH family proteins [72,107]; later, m6A was discovered as a better substrate [33]. Kinetics is also a tool to find out about the property of a protein in vivo. In the case of NADPH modulating FTO, the results imply that FTO is involved in the regulation of the cellular redox state, while there is no such effect for ALKBH5 [68]. 2-OG was also measured as a substrate for FTO to repair the m3U lesion; the kinetic results show FTO is a sensor for cellular 2-OG levels [71]. TET2 is more efficient in oxidizing m5C than hm5C, suggesting that TET2 is possibly evolutionarily tuned and hm5C is a potential stable marker with regulatory functions [63]. Kinetics also show the sequence-dependent activities of enzymes, such that ALKBH5 and FTO prefer the GG(m6A)CU consensus sequence. In addition, substrates in duplex-hairpin structures significantly decrease enzyme activity [67].



In most kinetic studies, the conversion of an enzymatic reaction is usually lower than 20% to obtain accurate kinetic parameters. For the detection of starting material and product, many studies use LC-MS, because a repaired base usually has less MW than the starting material. HPLC with a UV detector has been widely used for detection as well, because DNA bases have strong absorbances around 260 nm in the UV spectrum, and the starting material and the product can be separated by different types of columns [136]. Sometimes it is hard to detect the amount of product DNA; in such cases, researchers have used other co-products, for example formaldehyde and glyoxal (Figure 1), to monitor the reactions. A research group used formaldehyde dehydrogenase to convert formaldehyde to formic acid and monitored the formation of an NADH analog using fluorescence [75]. Gururaj et al. used glyoxal, a byproduct of εA repair, and reacted it with 2-hydrazinobenzothiazole, which forms a complex with a yellow color that has a distinct absorption spectrum with a band at 365 nm [82].



For an individual enzyme, there could be several DNA/RNA substrates. How to differentiate the repair efficiency among them needs a kinetic study carried out under the same condition for all substrates. In the literature, different methods provide different kinetic parameters even for the same enzyme and substrate. The data from different sources may not be able to distinguish the differences between these substrates. For example, it was initially reported that ALKBH2 repairs m1A in ds-DNA with kcat/Km = 2572.5 min−1 µM−1 and m3C with kcat/Km =3176 min−1 µM−1, compared to m1A in single-stranded DNA (kcat/Km = 1100 min−1 µM−1) and m3C in ss-DNA (kcat/Km = 775 min−1 µM−1) [59]. These numbers are quite different from later published results: ALKBH2 repairs m1A in ds-DNA (kcat/Km = 0.74 min−1 µM−1) and ss-m1A (kcat/Km = 0.25 min−1 µM−1 [61]. These differences are possibly due to the fact that the earlier results were obtained by using restriction enzymes to cut the repaired oligomers for measuring the demethylation. Additionally, the reaction time course was monitored at a single time point, 1 h, which is typically long for kinetic studies. Single turnover reactions could generate kinetic data that are faster than data from steady-state kinetics [78]. These examples demonstrate the necessity of performing the kinetic studies of an enzyme with all of its substrates under the same condition. The 2-OG/Fe(II)-dependent enzymes discussed in this review are important in genetics and epigenetics [61]. However, many substrates of certain enzymes are still not clear, and additionally, in many cases kinetic data are not available. One of the future goals for this research field is to study the mechanism and kinetic behavior of these proteins in a more detailed manner, and then apply this information to determine their functions in biology and disease.
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Figure 1. Proposed mechanisms of oxidative modifications on representative substrates catalyzed by 2-OG/Fe(II)-dependent dioxygenases. (a) m1A repaired by AlkB, ALKBH2 and 3; (b) m5C oxidized by AlkB, ALKBH2 and 3 and TET; (c) εA repaired by AlkB, ALKBH2 and 3; (d) m6A demethylated by ALKBH5; and (e) m6A demethylated by FTO. 
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Figure 2. Proposed detailed mechanism of AlkB/TET family enzymes on monoalkyl substrates (exemplified with m3C). The steps include 2-OG binding, DNA/RNA substrate binding, dioxygen binding and activation, 2-OG oxidation, Fe(IV)=O formation, ferryl flip, H abstraction, OH rebound, product release, water binding, etc. Adapted from Scheme 1 in [20]. 






Figure 2. Proposed detailed mechanism of AlkB/TET family enzymes on monoalkyl substrates (exemplified with m3C). The steps include 2-OG binding, DNA/RNA substrate binding, dioxygen binding and activation, 2-OG oxidation, Fe(IV)=O formation, ferryl flip, H abstraction, OH rebound, product release, water binding, etc. Adapted from Scheme 1 in [20].



[image: Dna 03 00005 g002]







[image: Table] 





Table 1. Updated DNA/RNA substrates of 2-OG/Fe(II)-dependent enzymes.
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Enzyme

	
Substrate






	
AlkB

	
DNA: m1A, m3C, m1G, m3T, m4C, m2G, m22G, m5C, e1A, εA, εC, 1,N2-εG, e2G, EA, FF, HF, αHOPG, γHOPG, M1G, HEC, HPC




	
RNA: m1A, m3C, m1G




	
ALKBH1

	
DNA: m3C, m6A




	
RNA: m3C, m5C, m1A




	
ALKBH2

	
DNA: m1A, m3C, m1G, m3T, m5C, e1A, e3T, εA, εC, 1,N2-εG




	
ALKBH3

	
DNA: m1A, m3C, m3T, m5C, e1A, e3T, εC, εA




	
RNA: m1A, m3C, m6A




	
ALKBH4

	
DNA: m6A




	
ALKBH5

	
RNA: m6A, m66A




	
ALKBH6

	
--




	
ALKBH7

	
RNA: m1A, m3C, m22G, εA




	
ALKBH8

	
RNA: mc5mU




	
FTO

	
DNA: m3T, m6A




	
RNA: m3U, m6A, m1A, m3C




	
TET1-3

	
DNA: m5C, T




	
RNA: m5C
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Table 2. Kinetic parameters of ALKBH1, 2, 3 and TET2 for different substrates (X: modified base).
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	Enzyme
	DNA/

RNA
	Substrate
	DNA/RNA Sequence 5′-3′
	Kcat (min−1)
	Km (µm)
	Kcat/Km (min−1 µm−1)
	Reference





	ALKBH1
	DNA
	m6A
	ACCTTATGGAXAGCATGCTTG in ds-DNA
	0.136 ± 0.0036
	3.18 ± 0.28
	0.04
	[58]



	
	DNA
	
	ACCTTATGGAXAGCATGCTTG
	0.076 ± 0.0012
	2.79 ± 0.18
	0.03
	



	ALKBH2
	DNA
	m1A
	AAAGCAGXATTCGAAAAAGCGAAA in ds-DNA
	823.2 ± 120
	0.320 ± 0.073
	2573
	[59]



	
	DNA
	
	AAAGCAGXATTCGAAAAAGCGAAA
	198 ± 16.2
	0.183 ± 0.023
	1082
	



	
	RNA
	
	AAAGCAGXAUUCGAA in ds-RNA
	2.19 ± 0.05
	0.30 ± 0.07
	7.4
	[60]



	
	RNA
	
	CGCGXAUUCGCG
	3.67 ± 0.35
	1.09 ± 0.14
	3.4
	



	
	RNA
	
	AAAGCAGXAUUCGAA
	4.07 ± 0.15
	0.95 ± 0.11
	4.3
	



	
	DNA
	
	GAAGACCTXGGCGTCC in ds-DNA
	2.5 ± 0.1
	7.3 ± 0.9
	0.34
	[61]



	
	DNA
	
	GAAGACCTXGGCGTCC
	1.1 ± 0.1
	4.1 ± 0.9
	0.27
	



	
	DNA
	m3C
	AAAGCACXGGTCGAAAAAGCGAAA in ds-DNA
	530.4±52.8
	0.167 ± 0.027
	3176
	[59]



	
	DNA
	
	AAAGCACXGGTCGAAAAAGCGAAA
	63.6±7.2
	0.0822 ± 0.022
	774
	



	
	DNA
	
	GAAGACCTXGGCGTCC in ds-DNA
	2.6 ± 0.1
	1.9 ± 0.4
	1.3
	[61]



	
	DNA
	
	GAAGACCTXGGCGTCC
	1.7 ± 0.1
	1.4 ± 0.2
	1.2
	



	ALKBH3
	DNA
	m1A
	AAAGCAGXATTCGAAAAAGCGAAA in ds-DNA
	109.8±2.28
	0.263 ± 0.110
	418
	[59]



	
	DNA
	
	AAAGCAGXATTCGAAAAAGCGAAA
	178.8±44.4
	0.182 ± 0.140
	982
	



	
	RNA
	
	AAAGCAGXAUUCGAA in ds-RNA
	2.57 ± 0.27
	6.60 ± 0.19
	0.39
	[60]



	
	RNA
	
	AAAGCAGXAUUCGAA
	3.56 ± 0.31
	1.12 ± 0.16
	3.2
	



	
	RNA
	
	CGCGXAUUCGCG
	3.13 ± 0.22
	1.47 ± 0.08
	2.1
	



	
	DNA
	
	GAAGACCTXGGCGTCC
	1.2 ± 0.0
	2.3 ± 0.1
	0.51
	[61]



	
	DNA
	
	AAAGCAGXATTCGAA
	3.04 ± 0.22
	0.97 ± 0.07
	3.1
	[62]



	
	DNA
	m3C
	AAAGCACXGGTCGAAAAAGCGAAA in ds-DNA
	2.268±0.462
	0.0084 ± 0.016
	270
	[59]



	
	DNA
	
	AAAGCACXGGTCGAAAAAGCGAAA
	123.6±19.2
	0.162 ± 0.048
	763
	



	
	DNA
	
	GAAGACCTXGGCGTCC
	1.7 ± 0.0
	1.9 ± 0.4
	0.87
	[61]



	TET2
	DNA
	m5C
	ACCACXGGTGGT
	0.127 ± 0.019
	0.48 ± 0.19
	0.27
	[63]



	
	DNA
	hm5C
	ACCACXGGTGGT
	0.038 ± 0.005
	0.90 ± 0.30
	0.04
	



	
	DNA
	f5C
	ACCACXGGTGGT
	0.0276 ± 0.002
	1.30 ± 0.27
	0.02
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	Enzyme
	DNA/

RNA
	Substrate
	DNA/RNA Sequence 5′-3′
	Kcat (min−1)
	Km (µm)
	Kcat/Km (min−1 µm−1)
	Reference





	ALKBH5
	RNA
	m6A
	AUUGUCAXCAGCAGC
	0.169 ± 0.0106
	1.38 ± 0.2653
	0.12
	[64]



	
	DNA
	
	ATTGTCAXCAGCAGA
	0.174 ± 0.008
	1.66 ± 0.16
	0.11
	[65]



	
	RNA
	
	UACACUCGAUCUGGXCUAAAGCU GCUC-biotin-3′
	0.3 ± 0.067
	2.5 ± 0.5
	0.12
	[66]



	
	RNA
	
	UACACUCGAUCUGGXCUAAAGCU GCUC-biotin-3′
	
	0.192
	
	



	
	RNA
	
	GGXCU
	0.140 ± 0.013
	2.344 ± 0.140
	0.06
	[67]



	
	DNA
	
	GAXCA
	0.162 ± 0.014
	2.251 ± 0.042
	0.07
	



	
	RNA
	
	GCGGXCUCCAGAUG
	0.172 ± 0.010
	1.755 ± 0.088
	0.1
	



	
	RNA
	
	CCCCXCCCCCCCCC
	0.137 ± 0.021
	2.583 ± 0.256
	0.05
	



	
	RNA
	
	GGXCU
	0.16 ± 0.02
	1.64 ± 0.05
	0.1
	[62]



	
	RNA
	
	AUUGUCAXCAGCAG
	0.306 ± 0.034
	1.335 ± 0.213
	0.23
	[68]



	
	DNA
	
	GGXCT
	2.6 ± 0.6
	1.6 ± 0.1
	1.6
	[69]



	FTO
	RNA
	m6A
	AUUGUCAXCAGCAGC
	0.296 ± 0.004
	0.409 ± 0.023
	0.72
	[33]



	
	RNA
	
	AUUGUCAXCAGCAGC
	0.381 ± 0.114
	0.6 ± 0.12
	0.63
	[65]



	
	RNA
	
	m7GpppXCA
	7.77
	16.09
	0.48
	[70]



	
	RNA
	
	m7GpppACX
	0.46
	6.4
	0.07
	



	
	RNA
	
	GGXCU
	0.54
	9.29
	0.06
	



	
	RNA
	
	GGXCU
	0.347 ± 0.015
	0.508 ± 0.126
	0.68
	[67]



	
	DNA
	
	GGXCT
	0.334 ± 0.57
	0.586 ± 0.137
	0.57
	



	
	DNA
	
	GCGGXCUCCAGAUG
	0.376 ± 0.009
	0.488 ± 0.074
	0.77
	



	
	RNA
	
	CCCCXCCCCCCCCC
	0.268 ± 0.012
	0.688 ± 0.025
	0.39
	



	
	RNA
	
	GGXCU
	0.35 ± 0.03
	0.51 ± 0.06
	0.69
	[62]



	
	RNA
	
	AUUGUCAXCAGCAG
	0.46 ± 0.055
	0.59 ± 0.094
	0.78
	[68]



	
	RNA
	
	containing 50 μM NADPH
	0.406 ± 0.0467
	0.401 ± 0.0521
	1.01
	



	
	
	
	50 μM NADH
	0.290 ± 0.0311
	0.528 ± 0.0660
	0.55
	



	
	
	
	50 μM NADP+
	0.282 ± 0.0340
	0.961 ± 0.127
	0.29
	



	
	
	
	50 μM NAD+
	0.224 ± 0.0291
	1.125 ± 0.158
	0.20
	



	
	
	
	50 μM Vc
	0.136 ± 0.0258
	3.015 ± 0.572
	0.045
	



	
	DNA
	
	GGXCT
	0.015 ± 0.005
	12 ± 2
	0.001
	[69]



	
	RNA
	m6Am
	m7GpppX
	8.78
	1.34
	6.55
	[70]



	
	RNA
	m3U
	CTGACGGAGAXGAACGTCAG
	
	2.88
	
	[71]



	
	RNA
	
	CUUGUCAXCAGCAGA
	0.115 ± 0.022
	8.51 ± 3.13
	0.014 ± 0.007
	[72]



	
	DNA
	m3T
	CTTGTCAXCAGCAGA
	0.007 ± 0.0002
	0.95 ± 0.12
	0.007 ± 0.002
	[72]
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Enzyme

	
DNA/

RNA

	
Substrate

	
DNA/RNA Sequence 5′-3′

	
Kcat (min−1)

	
Km (µm)

	
Kcat/Km (min−1 µm−1)

	
Reference






	
AlkB

	
DNA

	
m1A

	
poly(dA) methylated with [14C]MeI

	
11.7 ± 0.2

	
1.4 ± 0.2

	
8.6

	
[73]




	

	
DNA

	

	
TXT

	
7.4 ± 0.6

	
2.8 ± 0.9

	
2.6

	




	

	
DNA

	

	
TX

	
3.7

	
4.4

	
0.8

	




	

	
DNA

	

	
TXT

	
2.7 ± 0.8

	
1.4 ± 0.5

	
1.9

	
[74]




	

	
DNA

	

	
CGTCGXATTCTAGAGCCCC

	
3.7 ± 0.2

	
5.4 ± 0.9

	
0.68

	
[75]




	

	
DNA

	

	
CGTCGXATTCTAGAGCCCC in ds-DNA

	
3.1 ± 0.2

	
6.2 ± 1.3

	
0.48

	




	

	
DNA

	

	
TXT

	
2.7 ± 0.8

	
1.4 ± 0.9

	
1.9

	
[76]




	

	
DNA

	

	
CAXAT

	
5.4 ± 1.3

	
0.06 ± 0.01

	
97

	




	

	
DNA

	

	
TXT

	
5.2 ± 0.2

	
3.2 ± 0.4

	
1.6

	
[77]




	

	
DNA

	

	
ATTGTCAXCAGCAGA

	
7.41 ± 0.47

	
2.00 ± 0.35

	
3.7

	
[65]




	

	
RNA

	

	
AUUGUCAXCAGCAGC

	
3.72 ± 0.19

	
2.32 ± 0.31

	
1.6

	




	

	
RNA

	

	
AAAGCAGXAUUCGAA in ds-DNA

	
2.25 ± 0.18

	
3.56 ± 0.24

	
0.63

	
[60]




	

	
RNA

	

	
r(CGCGXAUUCGCG) probe

	
4.10 ± 0.29

	
1.30 ± 0.12

	
3.2

	




	

	
RNA

	

	
AAAGCAGXAUUCGAA

	
3.75 ± 0.12

	
1.44 ± 0.25

	
2.6

	




	

	
DNA

	

	
GAAGACCTXGGCGTCC

	
4.2 ± 0.2

	
7.1 ± 1.1

	
0.59

	
[61]




	

	
DNA

	

	
GAAGACCTXGGCGTCC in ds-RNA

	
4.8 ± 0.2

	
12.7 ± 1.3

	
0.38

	




	

	
DNA

	

	
CGATAGCATCCTXCCTTCTCTCCAT

	
54 ± 1.8

	
0.041 ± 0.007

	
1317

	
[78]




	

	
DNA

	

	
CGATAGCATCCTXCCTTCTCTCCAT in ds-DNA

	
46.2 ± 1.2

	
0.65 ± 0.05

	
71.1

	




	

	
DNA

	
m6A

	
ATTGTCAXCAGCAGA

	
0.107 ± 0.013

	
14.93 ± 2.46

	
0.01

	
[65]




	
D135S

	
RNA

	
m1G

	
GAGCXUUAG

	

	
2.2

	
[79]




	
D135T

	
RNA

	

	
GAGCXUUAG

	
0.052 ± 0.008

	
3.3 ± 1.3

	
15.7 ± 3.7

	




	

	
DNA

	
m3C

	
CGTCGAATTXTA GAGCCCC

	
2.2 ± 0.1

	
3.4 ± 0.6

	
0.65

	
[75]




	

	
DNA

	

	
CGTCGAATTXTA GAGCCCC in ds-DNA

	
3.3 ± 0.2

	
9.3 ± 2.4

	
0.35

	




	

	
DNA

	

	
TXT

	
21 ± 4

	
24 ± 5

	
0.9

	
[76]




	

	
DNA

	

	
CAXAT

	
23 + 10

	
0.29 ± 0.03

	
78.3

	




	

	
DNA

	

	
TTXTTTTTTTTTTTT

	
2.6 ± 0.3

	
0.0353 ± 0.0066

	
73.6

	
[80]




	

	
DNA

	

	
CAXAT

	
21.2 ± 1.1

	
0.4 ± 0.1

	
53

	
[77]




	

	
DNA

	

	
GAAGACCTXGGCGTCC in ds-DNA

	
8.2 ± 0.4

	
10.8 ± 1.9

	
0.76

	
[61]




	

	
DNA

	

	
GAAGACCTXGGCGTCC

	
24.5 ± 0.7

	
19.9 ± 1.3

	
1.2

	




	

	
DNA

	

	
70-mer Poly T with X at position 1

	

	
2.4

	

	
[81]




	

	
DNA

	

	
70-mer Poly T with X at position 35

	

	
6.7

	

	




	

	
DNA

	

	
70-mer Poly T with X at position 15

	

	
8.2

	

	




	

	
DNA

	
εA

	
TXT

	
0.06

	

	

	
[25]




	

	
DNA

	

	
GAAGACCTXGGCGTCC

	
1.8

	

	

	
[26]




	

	
DNA

	

	
TXT

	
0.13 ± 0.05

	
60 ± 14

	
0.002

	
[76]




	

	
DNA

	

	
40-mer containing A treated by chloroacetaldehyde

	
0.134

	
67.4

	
0.0019

	
[82]




	

	
DNA

	

	
CGATAGCATCCTXCCTTCTCTCCAT

	
45 ± 6.6

	
5.3 ± 1.3

	
8.5

	
[78]




	

	
DNA

	

	
CGATAGCATCCTXCCTTCTCTCCAT in ds-DNA

	
102 ± 30

	
8.4 ± 3.4

	
12.1
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