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Abstract

Reactive oxygen species (ROS), resulting from endogenous metabolism and/or environmental 

exposure, can induce damage to the 2-deoxyribose moiety in DNA. Specifically, a hydrogen atom 

from each of the five carbon atoms in 2-deoxyribose can be abstracted by hydroxyl radical, and 

improper chemical repair of the ensuing radicals formed at the C1′, C3′, and C4′ positions can 

lead to the stereochemical inversion at these sites to yield epimeric 2-deoxyribose lesions. 

Although ROS-induced single-nucleobase lesions have been well studied, the biological 

consequences of the C3′-epimeric lesions of 2′-deoxynucleosides, i.e., 2′-deoxyxylonucleosides 

(dxN), have not been comprehensively investigated. Herein, we assessed the impact of dxN lesions 

on the efficiency and fidelity of DNA replication in Escherichia coli cells by conducting a 

competitive replication and adduct bypass assay with single-stranded M13 phage containing a site-

specifically incorporated dxN. Our results revealed that, of the four dxN lesions, only dxG 

constituted a strong impediment to DNA replication, and intriguingly, dxT and dxC conferred 

replication bypass efficiencies higher than those of the unmodified counterparts. In addition, the 

three SOS-induced DNA polymerases (Pol II, Pol IV, and Pol V) did not play any appreciable role 

in bypassing these lesions. Among the four dxNs, only dxA directed a moderate frequency of 

dCMP misincorporation. These results provided important insights into the impact of the C3′-

epimeric lesions on DNA replication in E. coli cells.

Graphical abstract

*Corresponding Author. yinsheng.wang@ucr.edu. Telephone: (951) 827-2700.
ORCID 
Yinsheng Wang: 0000-0001-5565-283X

ASSOCIATED CONTENT
Supporting Information
The Supporting Information is available free of charge on the ACS Publications website at DOI: 10.1021/acs.biochem.7b00146.

Detailed experimental procedures, MS and NMR results for the characterizations of synthetic compounds, and gel images for 
monitoring the restriction fragments of PCR products of the progeny genome arising from cellular replication (PDF)

The authors declare no competing financial interest.

HHS Public Access
Author manuscript
Biochemistry. Author manuscript; available in PMC 2018 July 25.

Published in final edited form as:
Biochemistry. 2017 July 25; 56(29): 3725–3732. doi:10.1021/acs.biochem.7b00146.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

http://orcid.org/0000-0001-5565-283X
http://pubs.acs.org/
http://pubs.acs.org/doi/abs/10.1021/acs.biochem.7b00146
http://pubs.acs.org/doi/suppl/10.1021/acs.biochem.7b00146/suppl_file/bi7b00146_si_001.pdf


Environmental exposure and aerobic metabolism unavoidably give rise to the generation of 

reactive oxygen species (ROS), which are required for normal cellular functions, including 

cell signaling and immune responses.1,2 However, when the capacity of antioxidant defense 

is inadequate to completely scavenge the ROS produced in cells, damage to macromolecules 

such as lipids, proteins, and DNA may ensue, which may contribute to the pathogenesis of 

neurological abnormalities, cancer, and other diseases in humans.3–5

Oxidatively induced DNA damage has been extensively investigated. Aside from 

modifications to nucleobases, which are capable of impairing their hydrogen bonding 

properties, hydroxyl radical can attack the sugar moiety in nucleosides, leading to the 

formation of 2-deoxyribose radicals.6,7 These radicals may induce alkali-labile sites and 

strand breaks in DNA.6,8 Moreover, when hydrogen abstraction occurs at C1′, C3′, and C4′ 
positions, a unique group of lesions, known as epimeric 2-deoxyribose lesions, can be 

generated via improper chemical repair.7 Scheme 1 illustrates the mechanism of formation 

of the C3′-epimeric lesions of 2′-deoxynucleosides, i.e., 2′-deoxyxylonucleosides (dxNs).

The dxNs were initially shown to form from a photochemically generated C3′ radical, 

resulting in a 1:1 mixture of isomers of the H-abstraction products when the photolysis was 

performed in the presence of a hydrogen atom donor.9 In this regard, dxT was found to form 

in oligodeoxyribonucleotides (ODNs) from the independently generated C3′ radical under 

anaerobic conditions in the presence of glutathione (GSH), with the yields being higher in 

single-stranded DNA and overhang structure than in duplex DNA.10 In addition, the 

formation of the C3′-epimeric lesion is in direct competition with strand break generation 

under anaerobic conditions.10,11

Not much is known about the occurrence of dxNs in cellular and tissue DNA. Because of the 

structural similarities of epimeric nucleosides, we found that the C3′-epimeric lesions could 

not be resolved from their C4′ counterparts on LC columns with several types of stationary-

phase materials (ref 12 and unpublished results). This difficulty, along with the same 

molecular weight and the same fragmentation patterns in MS/MS for the C3′- and C4′-

epimeric lesions, renders it a significant analytical challenge to detect the C3′-epimeric 

lesions without interference from the C4′ counterparts. Nevertheless, a previous study by 

Tullius and co-workers13 showed that the hydroxyl radical-mediated hydrogen atom 

abstraction from the 2-deoxyribose occurs in the following order: 5′ H > 4′ H > 3′ H ≈ 2′ 
H ≈ 1′ H. Considering that the C1′ epimer of dG could be detected at appreciable levels in 

DNA of mammalian tissues,12 it is highly likely that C3′ epimers are also present in 

mammalian tissues. In this vein, we observed the presence of appreciable levels of the C3′ 
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and/or C4′ epimers of dG in mammalian tissue DNA, though the relative levels of the C3′ 
and C4′ epimers of dG could not established.12

The chemical modification at the C3′ position of 2-deoxyribose leads to an alteration of 

sugar puckering and backbone torsion, which results in perturbations of DNA stability and 

three-dimensional structure.14–21 Indeed, the thermal stability of the duplexes was 

substantially diminished upon the introduction of a few xylose nucleosides into one strand of 

DNA14–17 or RNA;20,21 however, complete modification of one strand abrogated duplex 

formation.14–17 Interestingly, duplexes formed from self-complementary fully modified 

xylose-DNA (dXNA) exhibit stabilities similar to or even greater than those of the 

corresponding DNA duplexes.17,19 It is also noteworthy that when dXNA pairs with other 

DNA and/or RNA, they tend to form triplexes with a stability comparable to that of the 

natural counterparts.21–24 Additionally, in self-complementary fully modified dXNA, purine 

bases (A/G) were found to introduce backbone distortion larger than that of pyrimidine 

bases (T/C).19 Furthermore, studies have been conducted to assess the influence of 

individually incorporated dxNs on the thermal stability of duplex DNA,14–17 though the 

experiments for the four dxNs were not performed with the use of the same DNA sequence 

context.

Not much is known about the biological end points of C3′-epimeric lesions. It was 

demonstrated that several DNA polymerases were capable of utilizing 2′-

deoxyxylonucleoside triphosphates (dxNTPs) during primer extension, though the 

elongation was incomplete.19 In addition, dxN-containing double-stranded DNA was 

resistant to nucleases.14,15,25 Nevertheless, little is known about how this type of lesion 

affects the flow of genetic information by compromising DNA replication and transcription. 

Herein, we set out to examine comprehensively how the fidelity and efficiency of DNA 

replication are perturbed by dxN lesions and how SOS-induced DNA polymerases 

contribute to the replicative bypass of these lesions in Escherichia coli cells.

EXPERIMENTAL PROCEDURES

Materials

All solvents and reagents, unless otherwise noted, were purchased from Sigma-Aldrich (St. 

Louis, MO) or Thermo Fisher Scientific (Waltham, MA). Unmodified 

oligodeoxyribonucleotides (ODNs) were obtained from Integrated DNA Technologies 

(Coralville, IA), and reagents for solid-phase DNA synthesis were purchased from Glen 

Research Co. (Sterling, VA). All enzymes were from New England Biolabs (Ipswich, MA), 

and [γ-32P]ATP was obtained from PerkinElmer (Piscataway, NJ). The M13mp7(L2) phage, 

wild-type, and polymerase-deficient AB1157 E. coli strains used in this study were kindly 

provided by J. M. Essigmann and G. C. Walker.26

Preparation of Lesion-Carrying ODNs

The synthetic routes for 2′-deoxyxylonucleoside (dxN) phosphoramidites were adapted 

from previously published procedures (Scheme 2).27 Detailed synthetic procedures, reaction 

yields, and NMR spectra are provided in Figures S1–S16.
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The synthesized phosphoramidite building blocks were then employed for the site-specific 

incorporation of dxN into 12-mer ODNs, 5′-ATGGCGXGCTAT-3′ (X = dxN, GXG) and 

5′-ATGGCXTCTAT-3′ (X = dxC, CXT), via solid-phase DNA synthesis on a Beckman 

(Fullerton, CA) Oligo 1000S DNA synthesizer, following the vendor’s recommended 

protocols.

The synthesized 12-mer ODNs were deprotected and cleaved from a solid-phase support 

with 30% ammonium hydroxide, purified by high-performance liquid chromatography 

(HPLC), and characterized by ESI-MS and MS/MS, as described elsewhere.12,28,29 HPLC 

traces are displayed in Figure S17, and the MS and MS/MS data are shown in Figures S18–

S22. The purified 12-mer dxN-containing ODNs were then ligated individually with a 10-

mer ODN (5′-AGTGGAAGAC-3′) using T4 DNA ligase, following standard protocols. The 

desired 22-mer lesion-bearing ODNs were then isolated from the reaction mixture via 

denaturing polyacrylamide gel electrophoresis (PAGE).

Construction of Single-Stranded Lesion-Bearing and Lesion-Free Competitor M13 
Genomes and Their Transfection into E. coli Cells

The preparation of single-stranded (ss) M13mp7(L2) genomes was performed according to 

previously reported procedures (Figure S23).30 Briefly, the EcoRI-linearized ssM13 genome 

was annealed with two scaffolds, 5′-CTTCCACTCACTGAATCATGGTCATAGCTTTC-3′ 
and 5′-AAAACGACGGCCAGTGAATTATAGC-3′ (25 pmol), together with 5′-

phosphorylated 22-mer lesion-carrying ODNs, the control lesion-free ODNs, or the 25-mer 

competitor ODN (30 pmol each). After ligation, the scaffolds and the unligated vector were 

removed by using T4 DNA polymerase, and the mixture was purified using a Cycle Pure Kit 

(Omega) to afford circular lesion-containing and lesion-free M13 genomes. Accurate 

concentrations of the constructed lesion-containing and lesion-free genomes were 

determined by normalizing against the competitor genome, as described previously (Figure 

S24).30

Transfection was performed in AB1157 E. coli cells that are proficient or deficient in Pol II, 

Pol IV, Pol V, or all three polymerases, with or without SOS induction,26 following the 

previously published procedures.30 The lesion:competitor or control:competitor genome 

ratio is 1:1. The progeny genome was isolated with QIAprep Spin M13 kit (Qiagen) and 

amplified by polymerase chain reaction (PCR).

Assessment of the Bypass Efficiencies and Mutation Frequencies

A modified competitive replication and adduct bypass (CRAB) assay was used to determine 

the bypass efficiencies of the dxN lesions in E. coli cells (Figure 1).31,32 The interested 

region in the purified ssM13 template was amplified by PCR. The resulting PCR products 

were purified and employed to determine bypass efficiency and mutation frequency via 

sequential restriction endonuclease digestion and native PAGE analysis (Figure 2).7,28,29 The 

detailed procedures are provided in the Supporting Information.

As illustrated in Figure 2, two restriction endonucleases were used, i.e., BbsI and MluCI. 

When BbsI was added first in the digestion process, 10-mer ODN from the initial lesion-

situated strand was radiolabeled (Figure 2a,b), i.e., d(p*GGCGMGCTAT) and 

Wang et al. Page 4

Biochemistry. Author manuscript; available in PMC 2018 July 25.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



d(p*GGCMTGCTAT) for the GXG and CXT sequences, respectively, with M being A, T, G, 

or C and p* designating the 5′-32P-labeled phosphate. For the GXG sequence, the two 

products with M being a C or T could not be resolved from each other by PAGE analysis 

(Figure 2c,d). Hence, the order for the additions of the two restriction enzymes was reversed 

to radiolabel the 10-mer strand released from the opposite strand (Figure 2a). Under this 

circumstance, the sequences became d(AATTATAGCN), with N being a G or A, which 

could be readily resolved from each other (Figure 2e), as described previously.12,31,32 Thus, 

this sequential restriction endonuclease digestion and native PAGE method allowed for the 

complete differentiation of four types of base incorporations, thereby facilitating the 

quantifications of bypass efficiency and mutation frequency. It should be noted that, for the 

CXT sequence, only the restriction fragment housing the initial lesion-situated strand was 

used for analysis (Figure 2b,d), as the base N inserted opposite the lesion site was not part of 

the 10-mer restriction fragment.

To obtain sufficient products for LC–MS/MS analysis, larger quantities of PCR products 

were digested by the two aforementioned restriction enzymes. Detailed procedures are 

provided in the Supporting Information. The digestion enzymes were removed via phenol/

chloroform extraction, and the top aqueous layer was recovered and concentrated in a 

Speed-vac. The residue was desalted via HPLC and redissolved in water. A portion of the 

resulting aliquot was injected for LC–MS/MS analysis under previously described 

conditions,7,28,29 and fragmentations of the [M – 3H]3− ions of the released 10-mer ODNs 

were monitored. For the lesion-situated strand, the 10-mer ODNs d(GGCGMGCTAT) (for 

the GXG sequence) or d(GGCMTGCTAT) (for the CXT sequence), where M indicates A, T, 

G, or C, were monitored. The corresponding ODNs d(AATTATAGCN) (for the GXG 

sequence), with N being A, T, G, or C, were monitored for the opposite strand. The detected 

fragment ions in the tandem mass spectra were manually assigned (Figure 3 and Figures 

S31–S35)

RESULTS AND DISCUSSION

We aim to gain a comprehensive understanding of the impact of dxN lesions on DNA 

replication and the roles of SOS-induced DNA polymerases in bypassing these lesions in E. 
coli cells. Thus, ODNs harboring site-specifically incorporated dxN lesions were first 

prepared and characterized by ESI-MS and MS/MS (Figures S18–S22). As no change in 

molecular mass was introduced by epimerization at the C3′ site, the MS and MS/MS data of 

these lesion-bearing ODNs are almost identical to those of the corresponding unmodified 

ODNs. Realizing that flanking sequences are known to modulate the mutagenic properties of 

DNA lesions,33,34 we synthesized another dxC-containing ODN, i.e., the CXT sequence (see 

Experimental Procedures).

Replication Perturbation Induced by dxN Lesions in Vivo

We employed a modified version of the CRAB assay31,32 to assess the degrees to which the 

dxN lesions impede DNA replication and induce mutations in these processes and to 

investigate how replication past these lesions is modulated by translesion synthesis DNA 

polymerases (Figure 1). In this assay, the lesion-containing ODNs mentioned above and the 
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corresponding lesion-free ODNs were first ligated individually into the single-stranded M13 

plasmid. Because transfection efficiencies can vary, premixing the lesion-bearing or the 

respective lesion-free genome with a nonlesion competitor genome prior to transfection 

allows the blockage to replication to be accurately quantified from the attenuation in the 

ratio of output signal for the lesion/competitor genome relative to that for the corresponding 

control/competitor genome. In this vein, the competitor genome acts as an internal standard, 

and the bypass efficiency of the corresponding control lesion-free M13 genome is 

considered 100%. After replication in E. coli cells, the region of the isolated progeny M13 

genomes harboring the initial lesion or corresponding control site was amplified by PCR 

(Figures 1 and 2). The resulting PCR products were digested with two restriction enzymes, 

i.e., BbsI and MluCI, and the restriction digestion products were subjected to LC–MS/MS 

and PAGE analyses (Figures 1–3 and Figures S25–S35).

Our PAGE and LC–MS/MS results showed that the dxN lesions did not give rise to insertion 

or deletion mutation, where only the 10-mer radiolabeled restriction fragment(s) could be 

detected for the lesion-containing or lesion-free progeny M13 genome (Figures S25–S29). 

In this vein, the corresponding digestion of PCR products of the progeny of the competitor 

genome afforded a 13-mer fragment (Figure 3).

The bypass efficiencies of the dxN lesions can be calculated from the ratio of the 10-mer to 

the 13-mer product as described in Experimental Procedures, considering the input molar 

ratios of the lesion and control over competitor genomes (Figure 4a). It turned out that the 

two purine nucleosides, i.e., dxA and dxG, exhibit blockage effects on DNA replication in E. 
coli cells, with dxG displaying the lowest bypass efficiency (~30%) (Figure 4a). Intriguingly, 

the two pyrimidine nucleosides, namely, dxC and dxT, conferred replication bypass 

efficiencies higher than those of the corresponding unmodified nucleosides, and this 

observation holds true for dxC in another sequence context (Figure 4a). This finding, in 

conjunction with the previous observation that xylose nucleosides with purine bases 

introduce larger backbone distortions than those of their pyrimidine counterparts,19 indicates 

that the size of the nucleobase might modulate the replication bypass efficiencies of the 

xylose nucleosides. The exact reason underlying the elevated bypass for dxT and dxC is 

unknown and warrants further investigation. In this vein, it is of note that the C3′-epimeric 

nucleosides constitute an unusual family of DNA lesions in the fact that there is no structural 

perturbation of the nucleobase portion. Thus, the inversion of the stereochemistry at the C3′ 
position of the two modified pyrimidine nucleosides may facilitate some type(s) of favorable 

interaction between the modified nucleosides and replicative DNA polymerase, thereby 

promoting their bypass during DNA replication.

The roles of the SOS-induced DNA polymerases in bypassing the dxN lesions were also 

investigated by performing the replication experiments in E. coli strains deficient in these 

DNA polymerases, Pol II, Pol IV, and Pol V. Because of the relatively high bypass 

efficiencies of the epimeric lesions (i.e., at least 30%), we first conducted the experiments in 

E. coli cells without SOS induction. Interestingly, when the SOS-induced polymerases were 

depleted, individually or all three together, no substantial differences in bypass efficiencies 

were observed for any dxN lesions (Figure 4a), suggesting that these polymerases do not 

play any role in bypassing the dxN lesions in E. coli cells.
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We also performed the replication experiments with the use of SOS-induced E. coli cells. In 

this vein, previous studies showed that the copy numbers of Pol II and Pol IV could be 

increased by approximately 10-fold upon SOS induction, i.e., from approximately 75 and 

250 to 1000 and 2500 molecules per cell, respectively, where the copy number of the 

replicative polymerase (i.e., Pol III) is ~20 molecules per cell.35,36 Different from Pol II and 

Pol IV, Pol V could not be detected biochemically in non-SOS-induced E. coli strains, and 

the level of expression of Pol V increases by ~100-fold after SOS induction.36,37 Thus, we 

also assessed how SOS induction modulates the replication bypass efficiencies and mutation 

frequencies of the dxN lesions in wild-type E. coli cells and the isogenic Pol V-deficient 

cells. Our results revealed no significant differences in bypass efficiencies between the SOS-

induced cells and the corresponding un-induced cells (Figure S30a).

Mutagenic Properties of dxN Lesions

The native PAGE analyses also facilitated the quantification of the mutation frequencies of 

dxN lesions in AB1157 E. coli strains that are proficient or deficient in translesion synthesis 

(Figure 4b). As illustrated in Figure 3, for the GXG sequence, selective incorporation of 

a 32P-labeled phosphate to the 5′ end of the lesion-situated strand, i.e., 

d(p*GGCGMGCTAT), or its complementary strand, i.e., d(p*AATTATAGCN), can be 

achieved by switching the order of the two restriction digestion steps. This approach allowed 

products arising from all four types of base incorporations at the lesion site to be resolved 

from each other by native PAGE analysis (Figure 2c,e). It is also noteworthy that, for CXT 

sequence, only the 10-mer restriction fragment for the lesion-situated strand is labeled for 

analysis because the nucleotide incorporated opposite the lesion site is not included in the 

complementary 10-mer restriction fragment (Figure 2b,d). The identities of restriction 

digestion products were further confirmed via LC–MS/MS analysis. Specifically, the higher-

resolution “ultrazoom” scan MS and MS/MS data for the [M – 3H]3− ions of 

d(GGCGMGCTAT)/d(GGCMTGCTAT) and d(AATTATAGCN) were monitored (Figure 2 

and Figures S31–S35), where M and N represent the incorporated nucleotides at the original 

damage site and the opposite site in the complementary strand, respectively.

As illustrated by the PAGE results (Figure 2 and Figures S25–S29) and consistent with the 

LC–MS/MS analyses (Figure 3 and Figures S30–S35), only dxA introduces a moderate 

frequency of A → G mutation (~10%), and the other dxNs are not mutagenic, suggesting 

that overall this type of lesions is tolerated well by DNA polymerases. Interestingly, the 

three SOS-induced polymerases did not modulate the A → G mutation frequencies induced 

by dxA (Figure 4b). In addition, the mutagenic properties of dxA in wild-type AB1157 cells 

or the isogenic Pol V-deficient cells were not affected by SOS induction (Figure S30b). 

These results indicate that the observed A → G mutation may arise from the intrinsic 

structural property of dxA. Likewise, high-fidelity replication across the other three dxNs 

was not affected by depletion of Pol II, Pol IV, or Pol V, or all three in combination, or by 

SOS induction in wild-type or Pol V-depleted cells (Figure S30b).

It is worth comparing the results obtained from this study with what we observed previously 

for the C1′ epimer of 2′-deoxynucleosides (α-dN).12 In this vein, all of the α-dNs except 

α-dA strongly blocked DNA replication, and both α-dC and α-dG could direct very high 
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frequencies of dTMP misincorporation in un-induced wild-type AB1157 cells. Thus, the 

inversion of the stereochemical configuration at C1′ and C3′ of 2-deoxyribose exerts 

distinct effects on DNA replication, where the former may promote unusual base pairing, 

e.g., reverse Watson–Crick or reverse wobble base pairing.12,38 The study presented here 

suggests that the inversion of the stereochemical configuration at C3′ is unlikely to perturb 

profoundly the base pairing capabilities of the nucleobase, as reflected by the lack of 

mutagenic effects of the dxNs, except a moderate frequency of A → G mutation for dxA. 

The pronounced effects of dxG, but not other dxNs, on blocking DNA replication suggest 

that only dxG may elicit substantial structural distortion of the DNA backbone.

Together, our results revealed that the four C3′-epimeric lesions elicit distinct effects on 

DNA replication, with only dxA being moderately mutagenic and dxG moderately impeding 

replication. We also found that the cytotoxic and mutagenic properties of these four lesions 

were not modulated by SOS-induced polymerases or by SOS induction in wild-type or Pol 

V-deficient cells. Our systematic shuttle vector-based study of the C3′-epimeric lesions of 

2′-deoxyribonucleosides provided important new knowledge about the degrees to which the 

dxN lesions perturb the efficiency and accuracy of DNA replication in bacterial cells. It will 

be important to assess how the dxN lesions compromise DNA replication in mammalian 

cells and to examine the occurrence of these lesions in mammalian cells and tissues in the 

future.
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ABBREVIATIONS

ROS reactive oxygen species

dxN 2′-deoxyxylonucleoside

ODN oligodeoxyribonucleotide

dXNA xylose-DNA

dxNTP deoxyxylonucleoside triphosphate

HFIP hexafluoroisopropanol

TBDMS tert-butyldimethylsilyl

PAGE polyacrylamide gel electrophoresis

TBAF tetra-n-butylammonium fluoride
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DMAP 4-(dimethylamino)pyridine

DIEA N,N-diisopropylethylamine

DMTr-Cl 4,4′-dimethoxytrityl chloride

Pol polymerase

DTT dithiothreitol

EtOAc ethyl acetate

CRAB competitive replication and adduct bypass
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Figure 1. 
Schematic diagram showing the experimental procedures of the competitive replication and 

adduct bypass (CRAB) assay.
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Figure 2. 
Restriction digestion and radiolabeling for quantifying the bypass efficiencies and mutation 

frequencies of C3′-epimeric lesions in wild-type AB1157 E. coli cells. (a and b) Schematic 

diagrams illustrating the selective labeling of the original lesion-bearing strand or its 

complementary strand via sequential restriction digestion. (c and d) Representative gel 

images displaying the 13-mer and 10-mer products formed from the top strand (original 

lesion-bearing strand) after restriction digestion of the PCR products. The 13-mer sequence 

is d(GGCGATAAGCTAT), which arises from the competitor genome. The 10-mer A, 10-

mer T, 10-mer G, and 10-mer C designate synthetic standard ODNs d(GGCGMGCTAT) and 
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d(GGCMTGCTAT) for the GXG and CXT sequences, respectively, with M being A, T, G, or 

C. (e) Representative gel image displaying the 13-mer and 10-mer products emanating from 

the bottom strand (complementary to the initial lesion-containing strand) after restriction 

digestion of the PCR products. The 13-mer represents d(AATTATAGCTTAT) arising from 

the competitor genome. The 10-mer A, 10-mer T, 10-mer G, and 10-mer C designate the 

standard ODNs with sequences of d(AATTATAGCN) for GXG, with N being A, T, G, or C.
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Figure 3. 
Higher-resolution “ultrazoom” scan ESI-MS results for the 10-mer restriction fragments of 

the PCR products from the progeny genome arising from replication of the dxA-carrying 

single-stranded M13 genome in wild-type AB1157 cells. Shown are the [M – 3H]3− ions for 

the lesion-bearing strand products (a) and complementary strand products (b) from the 

replication of the dxA-containing plasmid.
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Figure 4. 
Bypass efficiencies of dxN lesions (a) and the mutation frequencies of dxA (b) in AB1157 

E. coli strains that are proficient or deficient in translesion synthesis polymerases, i.e., Pol II, 

Pol IV, and Pol V alone, or all three together. Because dxT, dxG, and dxC are not mutagenic, 

only the mutation frequencies of dxA are shown in panel b. The means and standard 

deviations derived from three independent replication experiments are shown.
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Scheme 1. 
Generation of 2′-Deoxyxylonucleosides through the Inaccurate Chemical Repair of the C3′ 
Radical with a Hydrogen Atom Donora

aB indicates nucleobase.
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Scheme 2. 
Synthetic Route for the Phosphoramidite Building Blocks of 2′-Deoxyxylonucleosidesa

aReagents and reaction conditions: (a) TBDMS-Cl, pyridine, room temperature (rt); (b) 

Dess-Martin periodinane, CH2Cl2, 0 °C; (c) NaBH4, −60 °C; (d) TBAF, THF, rt; (e) DMAP, 

DMTr-Cl, pyridine, rt; (f) 2-cyanoethyl-N,N-diisopropylchlorophosphoramidite, DIEA, 

CH2Cl2, rt.
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