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Title: Effects of 8-hydroxy-GTP and 2-hydroxy-ATP on in vitro 

transcription 
 

Abstract 

 Oxidation of RNA precursors may disturb genetic information. In 

this study, the effects of oxidized RNA precursors on in vitro transcription 

were examined. Two oxidized ribonucleoside triphosphates, 

8-hydroxyguanosine 5'-triphosphate (8-OH-GTP) and 2-hydroxyadenosine 

5'-triphosphate (2-OH-ATP), were added to in vitro transcription reactions. 

The addition of 8-OH-GTP and 2-OH-ATP reduced the amount of RNA 

synthesized in vitro. Moreover, to examine qualitative alteration of the 

mRNA, it was converted to cDNA by reverse transcriptase, and the cDNA 

was then amplified by PCR. The PCR product was subsequently cloned 

into plasmid DNA, and the DNA sequence was analyzed for each bacterial 

colony. The two oxidized ribonucleotides induced mutations in cDNA, 

suggesting the disturbance of genetic information during transcription 

and/or reverse transcription. 8-OH-GTP induced TG plus TC 

mutations, and 2-OH-ATP caused TC mutations. These results indicate 

that the formation of these oxidized RNA precursors in cells affects 

transcription quantitatively and qualitatively. 

 

Keywords: ribonucleotide; 8-hydroxy-GTP; 2-hydroxy-ATP; transcription 
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Introduction 

 Oxidation of nucleic acids and their related compounds occurs 

endogenously by normal oxygen metabolism, and is also induced by many 

environmental mutagens and carcinogens. For these reasons, DNA 

oxidation seems to be a very important source of mutations as well as one 

of the causative factors of carcinogenesis, neurodegeneration, and aging 

[1-3]. In addition, the oxidation of DNA precursors in the nucleotide pool 

by ROS is another significant source in the mutation process. The 

importance of oxidized DNA precursors is highlighted by the presence of 

Escherichia coli MutT and its functional homologues, and by the 

phenotypes of mutant organisms lacking the MutT-type enzymes [ref. 4 

and references therein]. The direct introduction of oxidized DNA 

precursors into living cells induces mutations in chromosomal genes, 

providing another line of evidence that they are mutagens when produced 

in cells [5,6]. 

 RNA and its precursors are also oxidized by ROS. The oxidized 

RNA was reportedly implicated in several neurodegenerative diseases 

[7-10]. Because the concentrations of RNA precursors are 0.1-3 mM in 

living cells and much higher than those of DNA precursors, oxidized RNA 

precursors may be more abundant than oxidized DNA precursors [11,12]. 

Previously, a relationship between the oxidation of an RNA precursor and 
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transcriptional errors was suggested. In the mutT strain, a protein 

containing an altered sequence was produced with higher frequency than 

that expected from the mutation frequency at the DNA level [13]. The 

authors of that paper concluded that an oxidized form of GTP, 8-OH-GTP 

(also known as 8-oxo-7,8-dihydroguanosine 5'-triphosphate), was 

misincorporated opposite A by RNA pol and induced translational errors, 

because the MutT protein hydrolyzes 8-OH-GTP to the monophosphate 

[13]. The findings that some MutT-type enzymes including human MTH1 

protein catalyze the hydrolysis of oxidized RNA precursors suggest the 

importance of the hydrolytic elimination of oxidized ribonucleotides [ref. 4 

and references therein]. Moreover, the yeast S-II null mutant exhibits 

sensitivity to oxidants and is defective in maintaining transcriptional 

fidelity [14]. This low transcriptional fidelity is relieved by treatment with 

an antioxidant, suggesting that the yeast S-II protein maintains 

transcriptional fidelity by enhancing the cleavage of misincorporated, 

oxidized ribonucleotides from nascent mRNA [14]. Thus, the formation of 

oxidized RNA precursors in the nucleotide pool causes disturbances in the 

genetic information, affecting transcription and occasionally leading to cell 

death. The oxidized RNAs reportedly related to several neurodegenerative 

diseases [7-10] may be formed by incorporation of the oxidized RNA 

precursors. 
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 In this study, we focused on the effects of oxidized ribonucleotides 

during transcription. 8-OH-GTP and oxidized ATP, 2-OH-ATP, were 

chosen as representative oxidized ribonucleoside 5'-triphosphates, because 

they are produced as the major products in in vitro oxidation reactions of 

GTP and ATP, respectively [15]. We found that the presence of 8-OH-GTP 

and 2-OH-ATP reduced the amounts of full-length mRNA in transcription. 

In addition, the two oxidized RNA precursors induced mispair formation. 

These results suggest the biological effects of the two damaged 

ribonucleotides. 

 

 

Materials and Methods 

 

Materials 

 T7 RNA polymerase and ribonuclease inhibitor were purchased 

from Takara (Kusatsu, Japan). The pTENHES plasmid [16] was amplified 

in the E. coli strain DH5α and was purified with a Qiagen (Hilden, 

Germany) EndoFree Plasmid Mega kit. 8-OH-GTP and 2-OH-ATP were 

prepared by oxidation of GTP and ATP, respectively, as described 

previously [15]. The purities of 8-OH-GTP and 2-OH-ATP were both 

estimated to be more than 99% by analysis with HPLC (data not shown). 
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The unmodified ribonucleoside 5'-triphosphates, Cy5-UTP, and Cy3-UTP 

were from GE Healthcare Bio-Sciences (Piscataway, NJ). Purified 

oligonucleotides were from Sigma Genosys Japan (Ishikari, Japan). 

 

In vitro transcription 

 The pTENHES plasmid was digested with ScaI to produce a 

3495-bp DNA fragment containing the T7 promoter and 2/3 of the 

N-terminal region of the Hyg-EGFP gene (fusion gene of the hygromycin 

resistance gene and enhanced green fluorescence protein gene). In vitro 

transcription was carried out essentially according to the supplier’s 

instructions, by incubating the ScaI fragment (35 fmol) and T7 RNA pol 

(15 U) at 37°C for 2 hr, in a reaction mixture (6.67 µl) containing 40 mM 

Tris-HCl, pH 8.0, 8 mM MgCl2, 2.0 mM spermidine, 5.0 mM dithiothreitol, 

1.0 mM ribonuclease inhibitor, and the four ribonucleoside 5'-triphosphates 

(0.5 or 2 mM each), with or without an oxidized ribonucleotide (various 

concentrations) and a fluorescently labeled ribonucleotide (Cy3- or 

Cy5-UTP, 0.4 mM). Reactions were terminated by the addition of 13.5 µl 

of blocking buffer (29.6 mM MOPS, pH 7.0, 7.4 mM sodium acetate, 1.5 

mM EDTA, 18.5 % formaldehyde, 74.1 % formamide) and subsequent 

incubation at 65°C for 15 min. The reaction mixtures were analyzed by 

18% formaldehyde-1% agarose gel electrophoresis. When the transcription 
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reaction was carried out without a fluorescently labeled ribonucleotide, the 

gel was stained with SYBR-Gold (Invitrogen, Carlsbad, CA). Fluorograms 

were obtained with a Fujifilm FLA-2000 Fluorescent Image Analyzer (Fuji 

Photo Film, Tokyo, Japan). The relative mRNA amounts were calculated 

based on the intensity of the experimental band. 

 The mRNAs obtained by the in vitro transcription without a 

fluorescently labeled ribonucleotide were treated with DNase and purified 

with an RNeasy mini column (Qiagen). The purified mRNAs were used for 

the RT reactions and the 8-OH-Guo analyses described below. 

 

RT-PCR and sequence analysis 

 First-strand cDNA synthesis was performed on the purified mRNA 

using a primer (Primer-AS, 

5'-dAAAAAGCTTACTTCTACACAGCCATCGGT) and an RNA PCR 

Kit (AMV) (Takara) according to the manufacturer’s instructions. Each of 

the mRNA transcripts was amplified by PCR, using the Primer-AS and 

another primer (Primer-S, 

5'-dAAAACTAGTGGGGAATTGTGAGCGGATAA). The PCR product 

thus obtained was blunted by a Blunting high kit (Toyobo, Osaka, Japan). 

 The DNA was inserted into pBluescript II SK(+), which had been 

digested with EcoRV. The ligated DNA was transfected into the E. coli 
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strain DH5α, and the white colonies on agar plates containing 

5-bromo-4-chloro-3-indolyl-β-D-galactoside, 

isopropyl-β-D-thiogalactopyranoside and ampicillin were selected. 

 The nucleotide sequences were analyzed by sequencing using an 

ABI PRISM Big Dye Terminator Cycle Sequencing Kit and an ABI model 

377 DNA sequencer (Applera, Norwalk, CT). 

 

8-OH-Guo determination by HPLC 

 The mRNAs obtained in the presence of 8-OH-GTP were purified 

as described above, and then were treated with nuclease P1 and calf 

intestine alkaline phosphatase. The amount of 8-OH-Guo was determined 

by HPLC, essentially as described previously [17]. Namely, the nucleoside 

solution was filtered through an Ultrafree-Probind filter (Millipore, 

Bedford, MA). The filtrate was then injected into a HPLC column 

(Capcellpak C18 MG, 4.6 X 250 mm, 5 µm, Shiseido Fine Chemicals, 

Tokyo, Japan) equipped with UV (UV-8020, Tosoh, Tokyo, Japan) and 

electrochemical (ECD-300, Eicom, Kyoto, Japan) detectors. The mobile 

phase consisted of 8% methanol, 10 mM NaH2PO4 and 50 mg/l EDTA•2Na 

was used for elution at a flow rate of 1.0 ml/min. The effluent was 

monitored by UV absorption at 260 nm for guanosine and by 

electrochemical response (applied voltage, 550 mV) for 8-OH-Guo. The 
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8-OH-Guo level in the RNA sample was calculated from HPLC runs of 

standard samples of 8-OH-Guo and guanosine. 

 

 

Results 

 

Reduced mRNA production in the presence of oxidized ribonucleotides 

 We first examined the effects of 8-OH-GTP and 2-OH-ATP on the 

yield of mRNA produced in the in vitro transcription reactions. T7 RNA 

pol was used as a model RNA pol, due to its strong enzymatic activity (Fig. 

1). The reaction conditions were compatible with those recommended by 

the company supplying the pol. In addition to the four unmodified NTPs (2 

mM each), various concentrations of 8-OH-GTP or 2-OH-ATP were added 

into the reaction mixtures. The in vitro transcription reactions were 

conducted in the presence of a fluorescent UTP analog, and the mRNAs 

produced in the reactions were visualized with a fluorescent image analyzer. 

We quantified the band intensities with the analyzer and represented them 

as the amounts of mRNA. Cy3- or Cy5-UTP was added into the 

transcription reactions for the quantitation. The amounts of the full-length 

transcript (~1.2 kb) were reduced in an 8-OH-GTP 

concentration-dependent manner (Table 1). In the presence of 1 and 2 mM 
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8-OH-GTP, the amounts of the mRNA were 55% and 16%, respectively, of 

that in the absence of 8-OH-GTP. Likewise, 2-OH-ATP decreased the 

amount of the mRNAs produced in the in vitro transcription reaction 

(Table 1). One and 2 mM 2-OH-ATP reduced the yield of the mRNA by 

50% and 75%, respectively. This reduction in the amounts of the mRNA, at 

least qualitatively, was not due to artifacts derived from competition 

between a fluorescent UTP analog and an oxidized ribonucleotide, because 

the full-length transcripts, obtained in the transcription reactions without a 

fluorescent UTP analog, were also decreased when the gel was stained with 

SYBR-Gold (data not shown). Similar decreases in the mRNA yield were 

observed when the unmodified and oxidized ribonucleotides were each 

added at a concentration of 0.5 mM (Table 1). 

 

Detection of 8-OH-Guo in mRNA 

 We next examined whether an oxidized RNA precursor was 

actually incorporated into the transcript. Since the 8-OH-Gua nucleoside 

can be detected with high sensitivity by HPLC-ECD [18], we analyzed the 

mRNA obtained in the presence of 2 mM 8-OH-GTP by this method. The 

purified mRNA was treated with nuclease P1 and calf intestine alkaline 

phosphatase, and the nucleosides were analyzed by HPLC-ECD. 
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 The average amount of 8-OH-Guo was 2.4 (1.9 and 2.8) per 104 

Guo in the mRNA produced in the absence of 8-OH-GTP, where the values 

in the parentheses represent those obtained in a single experiment. This 

high level of 8-OH-Gua in the control mRNA might be derived from 

incorporation of 8-OH-GTP formed by spontaneous oxidation of GTP 

and/or direct oxidation of G residues in the mRNAs during incubations 

with enzymes. As expected, the 8-OH-Gua content was much higher in the 

mRNA transcribed with 8-OH-GTP. The average amount of 8-OH-Guo 

was ~430 (400.9 and 458.9) per 104 Guo in the mRNA, where the values in 

the parentheses represent those obtained in a single experiment. Thus, 

8-OH-GTP was incorporated by T7 RNA pol with an efficiency of 4% as 

compared to that of GTP. A single molecule of the mRNA transcribed with 

8-OH-GTP was calculated to contain nearly ten 8-OH-Guo nucleosides. 

 

Mispair formation during transcription and reverse transcription 

 We next examined qualitative alteration of the mRNA. We 

analyzed the effects of 8-OH-GTP and 2-OH-ATP on the fidelities of 

transcription-reverse transcription. Reverse transcriptase could induce 

errors at the 8-OH-Gua and 2-OH-Ade positions and thus the mutations 

possibly indicate the sites where 8-OH-GTP and 2-OH-ATP were 

incorporated. After DNase treatment, the transcripts obtained with the in 
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vitro reactions in the presence of 8-OH-GTP or 2-OH-ATP were purified 

by a commercially available silica-gel membrane device. No product was 

detected after PCR when the mRNA fraction purified by this procedure 

was added as the ‘template’ (data not shown), excluding the possibility of 

DNA contamination. The transcripts were reverse transcribed with AMV 

RT, and their cDNAs were amplified by PCR. The PCR products thus 

obtained were inserted into the pBluescript II SK(+) plasmid, and the 

sequences of plasmids in isolated colonies were determined (Fig. 1). 

 We analyzed the sequences in 17, 17, and 26 colonies, obtained 

with the control (without an oxidized ribonucleotide), 8-OH-GTP, and 

2-OH-ATP experiments, respectively. As shown in Table 2, among the 17 

clones, 3 contained a mutation in the case of the control experiment. These 

mutations might have occurred during the RT reaction and/or amplification 

(PCR). 8-OH-GTP strongly induces mispair formation. Mutations were 

found in most of the clones analyzed, and several clones contained errors at 

two sites. In the case of 2-OH-ATP, the error frequency was slightly 

increased in comparison with the control experiment. Among the 26 clones, 

10 contained a mutation. Thus, 8-OH-GTP and 2-OH-ATP affected the 

RNA pol fidelity and/or the 8-OH-Gua and 2-OH-Ade residues in RNA 

induced misincorporation by RT. 
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 All of the mutations detected in these experiments were 

substitutions. Here, we describe the sequence changes in the sense strand, 

which corresponds to the mRNA sequence (Table 2). In the case of 

8-OH-GTP, TG and TC mutations were induced. The TG mutations 

were found in ~50% of the analyzed clones. These types of mutations are 

analogous to the A:TC:G transversions induced by 8-OH-dGTP [5] (see 

Discussion). Nearly 35% of the analyzed clones contained TC mutations. 

This type of mutation had not been expected, because the corresponding 

deoxyribonucleotide, 8-OH-dGTP, does not induce transition mutations. 

Thus, the induction of the TC mutations might be specific for in vitro 

transcription in the presence of 8-OH-GTP and the subsequent reverse 

transcription. The TC mutations occurred in the 2-OH-ATP experiment, 

but not in the control experiment (Table 2). 

 The distributions of the mutations induced by 8-OH-GTP and 

2-OH-ATP are shown in Table 3 and Fig. S1. The mutations caused by 

8-OH-GTP were uniformly located, and no major mutational hotspot was 

observed. In the case of 2-OH-ATP, the same two mutations were found at 

three sites. However, the conclusion that 2-OH-ATP induced the TC 

mutations seems to be relevant, since TC mutations were found at four 

sites. 
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Discussion 

 

 The objective of this study was to examine the effects of oxidized 

ribonucleotides on the quantity as well as the quality of mRNA, because 

oxidized ribonucleotides have been suggested to be involved in 

transcriptional (and translational) errors and cell death [13,14]. We found 

that 8-OH-GTP and 2-OH-ATP reduced the production of the full-length 

mRNAs (Table 1). One possible explanation is that the incorporation of the 

oxidized ribonucleotides and/or the elongation from the 3'-terminal, 

incorporated oxidized ribonucleotide is inefficient, resulting in truncated 

mRNA production. In the presence of 2 mM 8-OH-GTP and 2-OH-ATP, 

the yields of the full-length transcript were ~20% (Table 1). Even if 

8-OH-GTP was incorporated only opposite C, ~250 kinds of truncated 

products could be present. However, we did not detect the putative 

truncated products on the gel visualized by a fluorescent nucleotide (Table 

1) or SYBR-Gold staining (data not shown). Although it is difficult to 

detect short RNA fragments by either the incorporated fluorescent 

nucleotide or staining with SYBR-Gold (because longer RNA fragments 

contain more fluorescent nucleotides or bind higher amounts of the dye), 

this explanation seems to be unsatisfactory for the ~80% reduction in the 
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yields. Alternatively, interaction of the oxidized ribonucleotides with T7 

RNA pol might decrease the full-length transcript. Purine ribonucleotides, 

GTP and ATP, have high binding affinities for T7 RNA pol. The binding 

induces a conformational change of the pol during initiation [19]. The 

effects of GTP and ATP on the stabilities of DNA-RNA pol complexes and 

on RNA production are different [20]. Thus, it is possible that 8-OH-GTP 

and 2-OH-ATP bind to T7 RNA pol and cause it to undergo a 

conformational change. The induced conformational change might 

decrease the production of mRNA. As shown in Table 1, the effects of 

8-OH-GTP and 2-OH-ATP on the reduction in the full-length products 

were slightly different when they were present in 0.50 mM concentration. 

This may be due to differences in the degrees of the two inhibitory effects 

of 8-OH-GTP and 2-OH-ATP. 

 8-OH-GTP induced TG mutations during transcription and 

reverse transcription (Table 2). The TG mutations seemed to be caused 

by the incorporation of 8-OH-GTP opposite A in the template DNA by T7 

RNA pol (Fig. 2A). When dCTP was incorporated opposite the 

incorporated 8-OH-Gua residue in RNA during the reverse transcription, 

the A base at the original position was converted to the C base (the AC 

mutation in the antisense strand is equivalent to the TG mutation in the 

sense strand). This result agrees with the finding that E. coli RNA pol 
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incorporated 8-OH-GTP into poly(dA-dT), probably opposite A [13]. 

8-OH-Gua:A and 8-OH-Gua:C pairs are formed in the DNA duplexes 

[21-24]. These mutations are equivalent to the A:TC:G transversions 

induced by the corresponding oxidized DNA precursor, 8-OH-dGTP [5]. 

 8-OH-GTP also induced TC mutations (Table 1). This type of 

mutation is explained by the incorporation of 8-OH-GTP opposite A by T7 

RNA pol and the subsequent insertion of dGTP opposite the incorporated 

8-OH-Gua residue by AMV RT (Fig. 2B). 

 2-OH-ATP also caused TC mutations (Table 1). As with 

8-OH-GTP, this type of mutation is explained by the incorporation of 

2-OH-ATP opposite A by T7 RNA pol and the subsequent insertion of 

dGTP opposite the incorporated 2-OH-Ade residue by AMV RT (Fig. 2C). 

2-OH-Ade reportedly can pair with any of the four unmodified bases 

[25,26]. This result is in contrast to those reported by Bukowska and 

Kuśmierek, who found that deoxyribonucleotides other than dTTP were 

incorporated opposite 2-OH-Ade in RNA at only a low level, if any, by 

AMV RT [27]. We cannot account for this discrepancy at this moment. 

However, they used copolymers including 2-OH-Ade as templates. 

Misincorporation opposite 2-OH-Ade in RNA might occur in a sequence 

context-dependent manner. Although the mutation frequencies in the 

presence and absence of 2-OH-ATP differed by only two-fold (Table 2), 
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the mutations found in the control (without 2-OH-ATP) experiment were 

expected to occur upon transcription-reverse transcription and/or during 

PCR. The error rate of T7 RNA pol is 3-5 X 10-5 [28,29]. On the other hand, 

the error rate of AMV RT on an RNA template is ~1.5 X 10-4 [30]. In the 

control experiment, three mutations were found in the 17 colonies 

examined. Since we analyzed a region of 1133 bp per colony, the mutation 

frequency was calculated to be 1.6 X 10-4. Judging from the reported error 

frequencies, the mutations found in the control experiment could occur in 

the reverse transcription, although no information on the fidelity of the 

DNA pol used in PCR is available. In the 2-OH-ATP experiment, the 

mutation frequency was calculated to be 3.4 X 10-4. Thus, 2-OH-ATP 

seemed to enhance mutations in transcription-reverse transcription. 

 As described above, 8-OH-GTP and 2-OH-ATP might bind to T7 

RNA pol and change its conformation. It is conceivable that the RNA pol 

with an altered conformation is error-prone and inserts unmodified 

ribonucleotides opposite incorrect bases during transcription. This is 

another possible mechanism for the mutations detected in the DNA after 

reverse transcription and PCR. 

 Although we used T7 phage RNA pol as a model RNA pol in this 

study, the incorporation of 8-OH-GTP is not specific for the phage RNA 

pol. E. coli RNA pol incorporates 8-OH-GTP into E. coli DNA and 
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poly(dA-dT) [13]. Calf thymus RNA pol II incorporates 8-OH-GTP into 

calf thymus DNA [31]. Thus, the effects of 8-OH-GTP observed in this 

study are also expected to be relevant for prokaryotic and eukaryotic RNA 

pols. Switzer et al. reported that T7 RNA pol incorporated 2-OH-ATP 

opposite an unnatural base, isocytosine [32]. They did not examine whether 

2-OH-ATP was inserted opposite T, although they found that T7 RNA pol 

incorporated UTP opposite 2-OH-Ade in DNA. Since the corresponding 

DNA precursor, 2-hydroxy-dATP, is inserted opposite T and other bases in 

DNA templates by prokaryotic and eukaryotic DNA pols [32-34], it seems 

valid to speculate that 2-OH-ATP is also incorporated into RNA by 

prokaryotic and eukaryotic RNA pols. In addition, T7 RNA pol has been 

used as a model enzyme in the transcription experiments using DNA 

lesions, including 8-OH-Gua [28,35-38], and similar results may be 

obtained when prokaryotic and eukaryotic RNA pols are employed in the 

transcription experiments with 8-OH-GTP and 2-OH-ATP. 

 We used 2-OH-ATP as one of the oxidized ribonucleoside 

5'-triphosphates in this study. 2-OH-ATP is produced as the major product 

in in vitro oxidation reaction of ATP using Fe-EDTA [15]. In addition, 

formation of 2-OH-Ade in cellular DNA has been reported by gas 

chromatography-mass spectrometry [25]. In contrast, the possibility that 

2-OH-Ade is a minor oxidation product was pointed out [39]. However, 
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biological significance of 2-OH-Ade nucleotides is suggested by the facts 

that it is formed by in in vitro oxidation reaction using Fe-nitrilotriacetate, 

a renal carcinogen [25] and that G:CT:A mutations, one of the major 

spontaneous mutations in sodAB/fur E. coli cells lacking in both superoxide 

dismutases and repressor of iron uptake, seem to be caused by 

2-hydroxy-dATP [40]. Moreover, mutant mouse MUTYH with G365D 

amino acid substitution, corresponding to a G382D germline mutation of 

human MUTYH found in familial adenomatous polyposis patients, almost 

completely retains its DNA glycosylase activity excising Ade opposite 

8-OH-Gua and possesses 1.5% of the wild-type activity excising 

2-OH-Ade opposite G [41]. Thus, 2-OH-ATP may be formed in the 

nucleotide pool. 

 Negishi and collaborators reported that ribonucleotide analogs 

with ambiguous base pairing properties caused mutations in reverse 

transcription [42,43]. This type of ribonucleotide analog may be a useful 

inducer of lethal mutagenesis or error catastrophe, and thus serve as an 

antiviral drug [42-45]. Since 8-OH-GTP and 2-OH-ATP caused mutations 

in transcription-reverse transcription, these oxidized ribonucleotides are 

also candidates for this type of antiviral drug. 

In this study, we found that 8-OH-ATP and 2-OH-ATP suppressed 

the production of full-length mRNA and that these oxidized RNA 
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precursors were mutagenic during in vitro transcription and reverse 

transcription. These results indicate that the formation of these oxidized 

RNA precursors in cells affects transcription quantitatively and 

qualitatively. 
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FIGURE LEGENDS 

 

Figure 1 Experimental procedures in this study. 

 

Figure 2 Proposed model for mutations induced by (A and B) 

8-OH-GTP and (C) 2-OH-ATP during in vitro transcription-reverse 

transcription reactions. Solid and dashed lines represent DNA and RNA 

strands, respectively. G* and A* mean 8-OH-GTP and 2-OH-ATP, 

respectively. 

 

Supplementary Figure S1 The overall distribution of the 

substitutions detected in the transcribed region. The sequence of the sense 

strand is shown. The mutations obtained with the control, 2 mM 

2-OH-ATP, and 2 mM 8-OH-GTP experiments are shown below in black, 

red, and blue, respectively. The transcription initiation site is numbered as 

+1. Primer sites are underlined. 
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Table 1. Reduction of the amount of full-length transcript

              by 8-OH-GTP and 2-OH-ATP a

a mRNA amounts relative to those without oxidized

nucleotides are shown (expressed as a percentage). The

values represent the average of two (2.00 mM 2-OH-

ATP) or three (others) separate experiments.

2.00 0.00 100 100

0.50 103   50

1.00   55   47

1.50   38   42

2.00   16   25

0.50 0.00 100 100

0.10   91   84

0.25   88   77

0.50   43   58

        concentrations

unmodified      oxidized         8-OH-GTP      2-OH-ATP

NTPs (mM)    NTP (mM)



Substitution b

    A  G

    G  A

    C  T

    T  C

    A  T

    T  G

    C  A

None

Total

None

3 (18)

0 (0)

0 (0)

1 (6)

0 (0)

1 (6)

0 (0)

1 (6)

14 (82)

17 (100)

8-OH-GTP

19 (112) c

3 (18)

1 (6)

0 (0)

6 (35)

0 (0)

9 (53)

0 (0)

0 (0)

17 (100)

2-OH-ATP

10 (38)

2 (8)

1 (4)

2 (8)

5 (19)

0 (0)

0 (0)

0 (0)

16 (62)

26 (100)

Table 2. Mutations  found  after  in  vitro transcription

              and  reverse transcription a

a All data are represented as cases found (%). 
b The sequence of the sense strand is shown.
c Two colonies contained two mutations within the analyzed regions.



392 T  C (1)

374 T  G (1)

311 T  C (1)

276 T  G (1)

269 T  C (1)

174 T  C (1)

158 A  G (1)

74 T  G (1)

69 T  G (2)

8-OH-GTP

1071 A  G (1)

1035 T  G (1)

987 T  C (1)

737 C  A (1)

713 A  G (1)

711 T  G (1)

651 T  C (1)

628 T  G (1)

525 T  G (1)

1045 C  T (2)

927 T  C (1)

738 A  G (2)

715 T  C (2)

711 T  C (1)861 C  T (1)

611 G  A (1)286 C  A (1)

436 T  C (1)248 A  T (1)

2-OH-ATPNone

Table 3.  The distribution of mutations induced by 8-OH-GTP and 2-OH-ATP a

a The sequence of the sense strand is shown. The numbers of colonies are

shown on the right side in parentheses.










