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Abstract

The first step of the base excision repair (BER) pathway responsible for removing oxidative DNA 

damage utilizes DNA glycosylases to find and remove the damaged DNA base. How glycosylases 

find the damaged base amidst a sea of undamaged bases has long been a question in the BER field. 

Single molecule total internal reflection fluorescence microscopy (SM TIRFM) experiments have 

allowed for an exciting look into this search mechanism and have found that DNA glycosylases 

scan along the DNA backbone in a bidirectional and random fashion. By comparing the search 

behavior of bacterial glycosylases from different structural families and with varying substrate 

specificities, it was found that glycosylases search for damage by periodically inserting a wedge 

residue into the DNA stack as they redundantly search tracks of DNA that are 450–600 bp in 

length. These studies open up a wealth of possibilities for further study in real time of the 

interactions of DNA glycosylases and other BER enzymes with various DNA substrates.
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1. How are oxidized bases formed in cellular DNA?

Purine and pyrimidine bases in DNA are oxidized by reactive oxygen species (ROS) that are 

produced endogenously, by ionizing radiation and by a number of chemical agents (for 

reviews see [1,2]). ROS-induced oxidation produces a broad spectrum of DNA damages 

including damaged bases, sites of base loss and single strand breaks. There are a plethora of 
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oxidized purine and pyrimidine bases produced by ROS (for reviews see [3,4]); the 

structures of these lesions were determined in the last century by radiation chemists who 

analyzed the damaged bases resulting from in vitro irradiation of nucleosides, nucleotides 

and DNA [5]. A similar base lesion spectrum results from endogenous ROS. The most 

common source of ROS in eukaryotic cells occurs in the mitochondria where about 1–1.5% 

of the oxygen intake results in the production of the superoxide anion radical, which can 

form hydrogen peroxide by dismutation, spontaneously or catalyzed by superoxide 

dismutase. In the presence of transition metals, hydroxyl radicals are produced from 

hydrogen peroxide in the so-called Fenton reaction. In addition, the superoxide anion radical 

can react with nitric oxide to produce peroxynitrite and other reactive species (for reviews 

see [6,7]). When the highly reactive hydroxyl radical interacts with DNA purines and 

pyrimidines, a wide variety of structurally diverse lesions are formed (see Fig. 1) (and for a 

review see [8]), about 5000–10,000 per human cell per day [9]. These oxidized DNA bases 

need to be removed from cellular DNA before they are encountered by DNA polymerases 

and result in mutation or cell lethality (for a review see [10]).

Of the four DNA bases, guanine has the lowest redox potential and hence is the most readily 

oxidized giving rise to 8-oxo-7,8-dihydro-guanine (8-oxoG) under oxidizing conditions, and 

2,6-diamino-4-hydroxy-5-formamidopyrimidine (FapyG) under reducing conditions (for 

reviews see [11–14]). 8-OxoG in DNA also has a lower redox potential than the four normal 

bases and can be further oxidized to two major products, spiroiminodihydantoin (Sp) and 

guanidinohydantoin (Gh) (for a review see [15]). Attack on adenine by ROS gives rise to 8-

oxo-7,8-dihydroadenine (8-oxoA) and 4,6-diamino-5-formamidopyri-midine (FapyA); 2-

hydroxyadenine can also be formed [16]. 8-oxopur-ines and formamidopyrimidines are 

produced in DNA in both the presence and absence of oxygen, although the relative 

concentrations of oxygen and reducing agents affect the yields of each.

Thymine glycol and cytosine glycol are the most common products of oxidation of thymine 

and cytosine, respectively. Cytosine glycol is unstable and deaminates to uracil glycol, 

which can dehydrate to 5-hydroxyuracil; the direct dehydration product of cytosine glycol is 

5-hydroxycytosine [11,12,17–19].

2. Which enzymes remove oxidized purines and pyrimidines from DNA?

Oxidized DNA bases are removed and repaired by the Base Excision Repair (BER) pathway 

(for reviews see [10,20–24]). DNA glycosylases are the first enzymes in this pathway and 

are responsible for locating and removing DNA base lesions. Because oxidized DNA bases 

comprise a diverse set of structures (Fig. 1), many of which are mutagenic, organisms had to 

develop a way to ensure genome stability. One could imagine a paradigm where each 

damaged base would have to have a specific glycosylase that recognized it, requiring an 

enormous number of functionally distinct enzymes. This has not proven to be the case. 

Instead, it turns out that each glycosylase has broad substrate specificity (Table 1), and a 

relatively small number of homologous enzymes are able to protect genomes that range in 

length from virus to human. The first glycosylase that was shown to recognize oxidized 

bases is endonuclease III, or Nth. This glycosylase was discovered in Escherichia coli based 

on its ability to recognize radiation-damaged DNA bases [25]. The substrates for Nth and its 
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NTHL1 homologs include a broad spectrum of oxidized pyrimidines as well as FapyA (for 

reviews see [10,26]). Formamidopyrimidine DNA glycosylase, Fpg, was the next 

glycosylase identified in E. coli [27] and was isolated based on its ability to remove 

formamidopyrimidines from DNA. Fpg also removes 8-oxoG and the further oxidation 

products of 8-oxoG, Sp and Gh when they are positioned opposite C (for a review see [22]) 

(Table 1). Fpg is the only bacterial enzyme responsible for removing 8-oxoG and is also 

found in plants and some fungi [28]. However, the mammalian lineage uses a glycosylase 

that is structurally distinct from Fpg (see below), called OGG1, to remove 8-oxoG. OGG1 

also removes formamidopyrimidines but not Sp or Gh [29–31]. Endonuclease VIII (Nei), 

which has significant substrate overlap with Nth and some substrate overlap with Fpg, was 

identified much later [32]. Nei [32,33] and its homologs, the NEIL [34,35] glycosylases, 

recognize a broad spectrum of pyrimidines, formamidopyrimidines [35–38] and Sp and Gh 

[39–41] (Table 1). Clearly there is a substantial redundancy in the substrate specificities of 

the glycosylases that recognize and remove oxidized DNA bases.

The DNA glycosylases specific for oxidized purines and pyrimidines fall into two structural 

families, the HhH superfamily, which includes the Nth orthologs and OGG1 (for a review 

see [42]), and the Fpg/Nei family [43,44]. Both these glycosylase families also contain lyase 

activities which, after removal of the damaged base, cleave the DNA backbone leaving two 

possible nicked products. The HhH superfamily leaves a 3′ α,β-unsaturated aldehyde and a 

5′ phosphate, while the Fpg/Nei family leaves a 3′ and a 5′ phosphate (Fig. 2). Crystal 

structures of glycosylases with target DNA characteristically show that the enzyme binds to 

DNA in the minor groove, bends the DNA backbone, and extrudes the lesion from the major 

groove into the enzyme’s active pocket (for reviews see [42,45–47]). It had been assumed 

that lesion identification and lesion specificity were determined by interactions between the 

damaged base and glycosylase amino acids in the active site pocket. This proposal was 

supported by the structures of uracil DNA glycosylase [48–50] and OGG1 [51] with their 

respective lesions. However, both of these enzymes have fairly narrow substrate specificities. 

Structures of Fpg show that the specificity of Fpg for 8-oxoG relies on a structural loop that 

covers the active site pocket and forms specific interactions with 8-oxoG thus stabilizing it 

in this pocket [52]. Members of the Fpg/Nei family lacking this structural loop do not 

remove 8-oxoG [53]. Obtaining structures of the glycosylases that remove other oxidized 

bases and have broad substrate specificities has proven to be decidedly more difficult. There 

are currently no structures of Nth or its homologs with a lesion in the active site pocket. 

Only recently has a structure of a NEIL1 ortholog bound to DNA containing either thymine 

glycol (Tg) or 5-hydroxyuracil (5OHU) been solved [54]. Interestingly, these structures 

revealed that there were no specific interactions between the enzyme’s amino acids and the 

lesions. A recent crystal structure of NEIL1 together with Tg-containing DNA [55] did show 

that NEIL1 promoted a tautomeric shift in Tg that promoted its stable binding in the active 

site pocket and facilitated excision. However, taken together, these observations beg the 

question of how the glycosylases locate an oxidized DNA base lesion in the sea of 

undamaged bases?
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3. How do the DNA glycosylases search for oxidatively damaged DNA 

bases?

The glycosylase search for oxidatively damaged DNA bases is the very first step of the BER 

pathway, and yet there are still many things that are unknown about how glycosylases 

identify the slight physical changes of the damaged DNA base amidst an extensive array of 

undamaged base pairs. One of the amazing things about DNA glycosylases is that they are 

able to locate damages using only thermal energy as a driving force. The copy number of 

glycosylases in the cell is low when compared with the sheer magnitude of DNA bases, 

which makes it physically impossible for the enzymes to efficiently encounter damages 

through random three-dimensional collisions. There have been several suggestions as to how 

a glycosylase might capitalize on the polymer structure of DNA to help find damage sites. 

Sliding along the DNA backbone without release is often referred to as “facilitated 

diffusion,” but glycosylases may also make small “hops” between close sites on the DNA or 

traverse longer distances through intrastrand and/ or interstrand transfer events (for reviews 

see [56–58]). Ensemble methods measuring correlated cleavage of closely spaced damage 

sites in long oligodeoxyribonucleotides provided evidence that the glycosylases were 

capable of remaining in continuous contact with the DNA molecule after removing a lesion 

[59–66]. However, direct visualization of the movement of glycosylases along longer tracts 

of undamaged DNA remained a challenge until a breakthrough occurred using single 

molecule (SM) fluorescence microscopy imaging.

SM microscopy experiments of glycosylases use total internal reflection fluorescence 

microscopy (TIRFM) for the observation in real time of a single fluorescently-tagged 

glycosylase enzyme as it moves along an individual DNA molecule. Since glycosylases 

encounter long regions of undamaged DNA in vivo, special long DNA substrates and sample 

conditions were developed to allow for observation of these interactions. The first 

experiments measuring glycosylase diffusion used lambda DNA that was tethered to a 

polyethylene surface through a single biotin linkage, and the DNA was stretched under 

continuous buffer flow during the experiment [67] providing 48 kilobases of extended 

undamaged DNA. The first glycosylase studied was human OGG1, which was labeled at a 

cysteine residue with a fluorescent dye for visualization of scanning behavior. The observed 

movement of OGG1 was consistent with one-dimensional facilitated diffusion, showing 

random, bidirectional sliding along tracts of DNA that were several thousand bases in 

length. OGG hopping on the DNA molecule was not observed, and the binding lifetimes 

were found to be quite short. The mean squared displacement (MSD) versus time was 

plotted for each displacement trajectory, and a diffusion constant was then determined for 

each individual OGG1 molecule. Further studies using these techniques showed that the 

diffusive properties of OGG1 were consistent with rotational diffusion along the DNA 

backbone [68].

In order to characterize possible differences in scanning behavior among glycosylases with 

different structures and substrate specificities, our laboratory went on to examine the 

diffusive properties of E. coli Fpg, Nei and Nth [69,70]. In these experiments, a different 

methodology was utilized to immobilize and stretch lambda DNA. Silica beads were used to 
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elevate the DNA above the surface to create DNA tightropes that remain extended in the 

absence of flow (Fig. 3). Glycosylases were labeled with quantum dots, allowing for very 

long observation times without photobleaching. The three E. coli glycosylases all scanned 

along the DNA in a manner similar to that of OGG1. All moved randomly in both directions 

and scanned repeatedly over a single area of DNA with high redundancy. One difference 

observed between OGG1 and the E. coli enzymes was that all of the E. coli enzymes showed 

longer binding lifetimes than reported for OGG1, but it is unclear whether flow conditions 

might have affected these values. Initially, the single molecule trajectories were analyzed 

using the methods described for OGG1 wherein a single diffusion constant is fit to each 

trajectory, and like OGG1, the diffusion constants of Fpg, Nei and Nth were consistent with 

rotational diffusion along the DNA backbone (Fig. 4). A further examination of the 

displacement versus time data revealed that rates of diffusion were highly variable within a 

given displacement trajectory, suggesting that an individual glycosylase switches between 

fast and slow movement. For this reason, a sliding window analysis was developed to allow 

for characterization of diffusive heterogeneity within a single trajectory (Fig. 5). What is 

fascinating is that all three E. coli enzymes exhibited a very broad distribution of diffusion 

constants that ranged from 0.001 to 0.1 μm2/ second.

Our lab then went on to examine the structural features of the DNA glycosylases that may 

play a role in the search process in order to answer the question of how the enzymes actually 

probe for oxidatively damaged DNA bases. A search mechanism in which every base in the 

DNA stack is tested by capturing an extruded form is thermodynamically impossible; thus, 

Blainey and coworkers [67] proposed that glycosylases search a small region of DNA with 

high redundancy, and the lesion is selected because it is extruded at a higher rate than other 

bases. Although the high search redundancy observed in the SM experiments was consistent 

with this proposal, we suspected the mechanism might be more complicated. Our studies 

were guided by two observations: First, while scanning DNA, the enzymes exhibited a broad 

range of diffusion constants, suggesting that they were undergoing a combination of slow 

and fast diffusion processes that differed from one another and might correspond to two 

search modes (Fig. 5). Secondly, the Verdine laboratory had crystallized Geobacter 
stereothermophilus Fpg covalently bound to undamaged DNA and observed an amino acid 

inserted into the DNA molecule suggesting that Fpg might be utilizing this amino acid 

residue to actively probe the base stack while scanning [71]. It had been known from many 

structural studies with glycosylases bound to damage-containing DNA that the DNA damage 

is extruded into the active side pocket of the enzyme and three amino acids, insertion 

residues, are inserted into the DNA molecule to stabilize both the DNA helix and the 

extruded base in the active site pocket of the glycosylase (Fig. 6) (see for examples 

[43,44,72]). However, the Verdine lab observed that one of these three amino acids was 

inserted into undamaged DNA in the absence of base eversion, and this same residue 

actually stacked between two bases opposite the extruded lesion in damaged DNA. Thus, it 

seemed propitious to ask whether this amino acid, this “wedge residue,” might affect how 

the glycosylase travels along undamaged DNA.

To investigate the role of the wedge residue in glycosylase scanning on undamaged DNA, 

the wedge residues of all three bacterial DNA glycosylases were substituted with alanine, 

and the diffusion of these variants was observed on lambda DNA tightropes using TIRFM 
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microscopy. In all cases, the diffusion constants of the wedge variants were much faster than 

those of the corresponding wild type enzymes (Figs. 4 and 5). These changes appeared to be 

due to the loss of the slower portion of the distribution of diffusion constants, which is 

consistent with the variants lacking a slow diffusion search mode linked to the insertion of 

the wedge residue into the undamaged DNA base stack. We conclude that the function of the 

wedge amino acid is to sense damaged DNA bases before eversion of the damaged base into 

the enzyme’s active site. In fact, more recent structural studies with the G. 
stearothermophilus Fpg and undamaged DNA show that its wedge residue, phenylalanine 

114, can insert into sequential, neighboring DNA bases, and that these target bases remain 

intrahelical and stacked [73]. In addition, the Fedorova laboratory was able to use stopped 

flow kinetics to study early stages in the process of lesion recognition, and they have shown 

that the Fpg wedge residue disrupts structural stability around the lesion to promote eversion 

[74]. Once the lesion has been everted, the wedge residue, together with the remaining two 

insertion residues, occupy the space left by the everted base thus stabilizing the DNA duplex 

together with the everted base in the enzyme’s active site pocket. These workers used similar 

techniques to also show that the early steps of lesion recognition by Nth involve insertion of 

Leu81, its wedge residue, into the base stack [75].

4. How do glycosylases behave when they locate a damaged base?

Although our studies on undamaged DNA provided insight into how the glycosylases probe 

DNA for damages, these data did not tell us what happens when the enzyme encounters the 

damaged base. To address this question, we randomly introduced damages into lambda 

DNA. Oxidized purines were generated using methylene blue plus visible light, and oxidized 

pyrimidines, primarily Tg, were produced by osmium tetroxide treatment [70]. DNA 

tightropes were prepared under two conditions: low levels (~110 damages/lambda DNA 

molecule) and high levels (~300 damages/lambda DNA molecule) of the random damage. 

The diffusive behavior of Fpg on its substrate, oxidized purine-containing DNA (Fig. 7A), 

and the diffusive behavior of Nei and Nth on their substrate, DNA containing Tg (Fig. 7B 

and C, respectively) were then examined. For all three glycosylases, the binding lifetimes 

increased and the diffusion constants decreased in the presence of the damage that they 

recognized [70]. These changes were even more pronounced at higher levels of damage, 

confirming that the slower scanning and increased residence time of a glycosylase on DNA 

is due to its interaction with the damage. Consistent with these findings, when the diffusive 

behavior of Fpg was examined on osmium tetroxide-treated DNA, which is not a substrate 

for Fpg, Fpg behavior was similar to what was observed in the absence of damage [70]. 

Further analysis of the scanning trajectories provided additional information about what 

happens after processing of a lesion. For example, it was found that approximately a third of 

Fpg glycosylases continue to scan without dissociating from the DNA after stopping at a 

damage [70]. From these studies it may be concluded, that regardless of structure or 

substrate specificity, the diffusive behavior of these E. coli glycosylases is greatly modulated 

by the presence of specifically recognized damage sites. Moreover, the longer binding 

lifetimes likely reflect the process of damage recognition, stopping, and in all probability, 

removing the damaged base.
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Using the diffusive behavior of Fpg, Nei and Nth, together with kinetics data from the 

Fedorova lab describing individual steps of DNA glycosylase activity [76–80], a simple 

simulation was developed to interpret the mechanistic implications of the single molecule 

data [70]. During a scanning event in which the glycosylase tracks along the DNA backbone 

at a rate of 0.05 μm2/second, the wedge is inserted into the DNA at a rate of 2000 s−1 and 

removed from the DNA at a slower rate of 500 s−1. If, while the wedge is inserted into the 

DNA, a damage is detected, the enzyme stops and remains bound to the lesion. The lesion-

bound wild-type enzyme most often moves forward through catalysis, but rarely, may also 

be released from the damage before it is repaired. One interesting finding from our SM 

studies is that the wedge variant enzymes still locate the damage, as shown by slower 

scanning in the presence of damaged DNA. However, according to our model, when a 

variant enzyme lacking the wedge residue is bound to a damage, it is much more likely than 

wild type to release before catalysis can take place. These findings explain how mutating the 

wedge residue greatly decreases enzyme activity observed in gel-based ensemble assays. 

One unexpected prediction of our model is that checking with the wedge is periodic, not 

constant. Thus, the high redundancy of glycosylase scanning along a region of DNA is 

necessary for adequate coverage and discovery of the damaged sites. Consistent with what 

has been measured in ensemble correlated cleavage experiments, our diffusion constants and 

binding lifetimes predict a contact distance of 450–600 base pairs. However, these bases are 

scanned repeatedly, allowing for wedge interrogation of the majority of them. Given our 

predicted scanning rates, the size of the E. coli genome, and the copy numbers of these 

glycosylases, we predict that a given site within the E. coli genome will see each of these 

glycosylases, Fpg, Nei, and Nth approximately once every 10 min, resulting in continual 

removal of oxidized purines and pyrimidines.

5. Future directions

Although SM studies have led to several exciting discoveries about the glycosylase search 

for oxidative DNA damages, many questions remain. So far, the bulk of the reported studies 

have focused on E. coli DNA glycosylases, leaving the basic question of whether eukaryotic/ 

human enzymes scan along undamaged DNA in a way that is similar to what has been 

observed. Does scanning behavior differ for human glycosylases such as NEIL1, which are 

suspected to function as part of a larger repair complex? One of the properties that we might 

expect to vary greatly between bacterial and eukaryotic DNA glycosylases is the number of 

base pairs scanned in each encounter. These numbers are affected by both the diffusion 

constant and the binding lifetime. Also, it would be interesting to know if the wedge residue 

plays a critical role in the search process of eukaryotic glycosylases, and if wedge insertion 

is a general paradigm in the glycosylase search for damage. Continuing along these lines, 

what is the role of other residues in the intercalation loop, and what does scanning look like 

for a glycosylase such as MvNei2/3 [81] and NEIL3 [82], that essentially lack an 

intercalation loop?

It has been shown that eukaryotic DNA glycosylases often show very high affinity and long 

binding lifetimes to their abasic site products, which serve to protect the abasic site until it 

can be handed off to the next enzyme in the BER cascade (for reviews see [83,84]). 

However, these handoff events have never been directly observed for any member of the 
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BER pathway. SM studies present an exciting opportunity to watch these handoff events in 

real time. Furthermore, the motion of other BER enzymes on DNA has not yet been 

observed. Of course, these experiments require monitoring a specific damage site in the 

DNA, and techniques have recently been developed that allow for the construction of long 

substrates that contain damage sites in predetermined locations throughout the DNA [85]. 

Through these methods, it will be possible to create DNA containing almost any damaged 

base that can be synthesized in an oligodeoxyribonucleotide, as well as a variety of 

structural variations in the DNA duplex, such as hairpins and bubble regions. These 

extended DNA substrates will yield rich information about glycosylase scanning in the 

presence of specific substrates. However, eukaryotic DNA exists wrapped around histones as 

tightly packed chromatin fibers. Recent single molecule tracking experiments in the 

presence of histone-wrapped DNA [86–88] demonstrate that it will also be feasible to 

monitor DNA glycosylase interactions with these substrates. Thus, it may be possible to 

observe whether glycosylases and other BER enzymes are able to disrupt wrapping of the 

nucleosome during the process of repair. SM TIRFM experiments hold great promise for 

exciting new insights into the glycosylase search for oxidatively-induced DNA damage.
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Fig. 1. 
Structures of DNA bases and commonly occurring oxidative damages.
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Fig. 2. 
Products of the associated lyase activities of the DNA glycosylases. Abbreviations: PUA, α, 

β-unsaturated aldehyde; P, phosphate.
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Fig. 3. 
Sample configuration for TIRFM experiments with DNA tightropes. Lambda DNA is 

extended across polylysine-coated silica beads which are nonspecifically adhered to a PEG-

coated coverslip. The six-histidine tagged glycosylase is labeled through a biotinylated anti-

his antibody and a streptavidin coated Qdot (not to scale).
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Fig. 4. 
Diffusive behavior of WT and wedge variant DNA glycosylases. A, B, and C show the mean 

diffusion constant for Fpg (A), Nei (B), and Nth (C) wild-type and wedge variants scanning 

along undamaged lambda DNA and lambda DNA containing specific damages. The 

damaged purines for Fpg (A) were generated using methylene blue plus visible light, while 

damaged pyrimidines for Nei (B) and Nth (C) were generated using osmium tetroxide. The 

details for these experiments can be found in Ref. [70] (***P < 0.001).
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Fig. 5. 
Diffusive behavior of WT (blue) and wedge variant (green) DNA glycosylases on 

undamaged lambda DNA. Columns A, B, and C show the time-weighted distribution of 

diffusive behavior for Fpg (A), Nei (B), and Nth (C). Details for these experiments can be 

found in Ref. [70].
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Fig. 6. 
Crystal structure of the DNA helix following eversion of the damaged base into the active 

site of Fpg. The wedge residue (Phe111) is orange, while the other two residues in the 

intercalation loop Arg109 and Met 74 are green and red, respectively. (PDB 1K82).
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Fig. 7. 
Diffusive behavior of WT and wedge variant DNA glycosylases on undamaged lambda 

DNA and lambda DNA that contains randomly distributed damages. Columns A, B, and C 

show the time-weighted distribution of diffusive behavior for Fpg (A), Nei (B), and Nth (C). 

The light blue distributions in the top row are WT enzyme on undamaged lambda DNA, the 

dark blue distributions in the second row are WT enzyme in the presence of randomly 

distributed specific damage in lambda DNA, and the dark green distributions in the third row 

show the wedge variant enzyme in the presence of randomly distributed specific damage in 

lambda DNA. Damaged purines for Fpg (A) were generated using methylene blue plus 

visible light, while damaged pyrimidines for Nei (B) and Nth (C) were generated using 

osmium tetroxide. Details for these experiments can be found in Ref. [70].
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Table 1

Substrates for Escherichia coli Nth, Nei and Fpg [26]. Substrates are color coded as follows: black text for 

substrates common to all three enzymes,  text for substrates common to E. coli Nth and Nei,  text 

for substrates common to Nth and Fpg,  lettering for substrates unique to the given enzyme. It should be 

noted that Table 1 only lists the substrates tested for each particular E. coli enzyme and does not reflect 

relative activities, whether the substrate was tested and found to be negative, or whether the substrate was 

tested with other enzymes.

Nth 2,6-diamino-4-oxo-5-formamidopyrimidine (FapyG)

guanidinohydantoin

spiroiminodihydantoin

4,6-diamino-5-formamidopyrimidine (FapyA)

abasic (AP) sites

5,6-dihydroxy-5,6-dihydrothymine (thymine glycol)

5,6-dihydrothymine

5-hydroxy-6-hydrothymine

5-hydroxy-5-methylhydatoin

urea

5-hydroxycytosine

5,6-dihydroxycytosine

5,6-dihydroxy-5,6-dihydrouracil (uracil glycol)

5-hydroxyuracil

5,6 dihydrouracil

5,6-dihydroxyuracil

2,6-diamino-4-oxo-5-(N-methyl)formamidopyrimidine

6-hydroxy-5,6-dihydrothymine

N-(2-deoxy-β-D-erythropentofuranosyl)-N-3-[2R]-hydroxyisobutyric acid) urea

methyltartronylurea

5,6-dihydroxy-5,6 dihydrocytosine (cytosine glycol)

5-formyluracil

5,5-dihydroxypyrimidine-2,4,6(lH,3H,5H)-trione (alloxan)

5-hydroxyhydantoin

trans-l-carbamoyl-2-oxo-4,5-dihydroxyimidazolidine

l,N6ethenoadenine degradation product

Nei 2,6-diamino-4-oxo-5-formamidopyrimidine

guanidinohydantoin

spiroiminodihydantoin

4,6-diamino-5-formamidopyrimidine (FapyA)

abasic (AP) sites

5,6-dihydroxy-5,6-dihydrothymine

5,6-dihydrothymine

5-hydroxy-6-hydrothymine

5-hydroxy-5-methylhydatoin
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urea

5-hydroxycytosine

5,6-dihydroxycytosine

5,6-dihydroxy-5,6-dihydrouracil (uracil glycol)

5-hydroxyuracil

5,6 dihydrouracil

5,6-dihydroxyuracil

β-ureidoisobutyric acid

5-hydroxy-6-hydrouracil

oxanine

xanthine (3,7-dihydropurine-2,6-dione)

Fpg 2,6-diamino-4-oxo-5-formamidopyrimidine (FapyG)

guanidinohydantoin

spiroiminodihydantoin

4,6-diamino-5-formamidopyrimidine (FapyA)

abasic (AP) sites

2,6-diamino-4-oxo-5-(N-methyl)formamidopyrimidine

8-oxo-7,8-dihydroadenine

8-oxo-7,8-dihydroguanine
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