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Abstract

Oxidatively generated guanine radicals in DNA can undergo various nucleophilic reactions 

including the formation of C8-guanine cross-links with adjacent or nearby N3-thymines in DNA in 

the presence of O2. These G[8-3]T lesions have been identified in the DNA of human cells 

exposed to oxidative stress, and are most likely genotoxic if not removed by cellular defence 

mechanisms. The abilities of several representative polymerases to bypass the G[8-3]T lesions in 

two different sequence contexts, G*T* and G*CT* were assessed in vitro. The polymerase BF 

(bacillus fragment) from Bacillus stearothermophilus, the Y-family archaeal polymerases Dpo4 

from Sulfolobus sulfataricus P2, and human DNA pol κ and pol η were selected for study. The A-

family polymerase BF was strongly blocked, while relatively weak translesion synthesis was 

observed in the case of the Y-family polymerases Dpo4 and pol κ. Primer extension catalyzed by 

pol η was also partially stalled at various positions at or near the G[8-3]T cross-linked bases, but 

significant and distributive primer extension was observed beyond the sites of the lesions with the 

efficiency being consistently greater in the case of the G*CT* than in the case of the G*T* lesions. 

The results obtained with pol η are compared with translesion synthesis past other intrastrand 

cross-linked lesions with previously published results by others that include the isomeric 

G[8-5m]T lesions generated by ionizing radiation, the cis-syn cyclobutane pyrimidine dimer and 

the 6-4 photoproduct generated by UV radiation, and the Pt-G*G* lesions derived from the 

reactions of the chemotherapeutic agent cisplatin with DNA.

Graphical abstract

Guanine(C8)-thymine(N3) intrastrand cross-links are bypassed with varying efficiencies by Y-

family polymerases, but the A-family polymerase BF is strongly blocked.
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1 Introduction

The formation of oxidatively generated interstrand and intrastrand cross-linked DNA lesions 

have received growing attention because of their genotoxic properties.1, 2 Interstrand lesions 

generated by the reactions of endogenous or exogenous cross-linking agents with double-

stranded DNA are particularly difficult to remove by cellular repair mechanisms.3 However, 

intrastrand cross-linked DNA lesions (IntraCL) such as the cisplatin cross-linked Pt-G*G* 

and Pt-G*TG* lesions (the asterisks denote the cross-linked bases) are also genotoxic if not 

removed by cellular DNA repair systems.4 Other well-known DNA IntraCL are the cis-syn 
cyclobutane thymine-thymine dimers (T*T*) formed by UV radiation,5 and the 8,5’-

cyclopurine-2’-deoxynucleotides formed by free radical-mediated mechanisms.6, 7 The 

G[8-5m]T and G[8-5]C IntraCL are formed by the combination of C-centered pyrimidine 5-

(2-deoxyuridylyl) methyl or 6-hydroxy-5,6-dihydro-2’-deoxycytid-5-yl radicals generated 

by exposing double-stranded DNA to ionizing radiation in dioxygen – free solutions.8–18 

Another, more recently documented mechanism of oxidatively generated DNA intrastrand 

cross-linking reactions19–23 involves the one-electron oxidation of guanine in DNA by 

reactive oxygen and nitrogen species that are formed in vivo under persistent oxidative stress 

developed in response to inflammation in tissues.24 The guanine radical cations formed by 

this oxidation mechanism result in the formation of 8-oxo-7,8-dihydroguanine and a variety 

of deeper guanine oxidation products.25 We have shown earlier that the guanine radicals 

derived from deprotonation of guanine radical cations can react by the nucleophilic addition 

of its C8 position to the N3-atom of a nearby thymine base to form G[8-3]T cross-links.19–23 

This oxygen-dependent cross-linking reaction occurs readily in aerated aqueous 

solutions,19–23 while G[8-5m]T and G[8-5]C lesions are formed under anaerobic 

conditions.7 Two different G[8-3]T intrastrand crosslinks have been found, one involves a 

cross-link between adjacent G and T bases (G*T*), and the other has an intervening C base 

between G* and T* (G*CT*), as shown in Fig. 1. The G[8-3]T lesions have been detected in 

human HeLa cells subjected to intense frequency-tripled 266 nm Nd:YAG laser pulses that 

generate guanine radicals that form chemical bonds with neighboring thymine bases in DNA 

in solution.26
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The G[8-5m]T and G[8-5]C lesions are known to block translesion synthesis (TLS) in vitro 

catalyzed by high-fidelity DNA polymerases.13, 17, 18 On the other hand, the low-fidelity 

yeast and human DNA polymerases η (pol η) are able to bypass G[8-5]C and G[8-5m]T 

lesions in an error-prone manner, but with lower efficiencies than in the case of unmodified 

controls.12–15 The SOS induced polymerases IV (pol IV) and V (pol V) were also found to 

bypass G[8-5m]T cross-links in an error-prone manner.16 However, nothing is known about 

the impact of the G*T* and G*CT* IntraCL on translesion bypass.

In this communication, we explored the overall effects of the G[8-3]T lesions embedded in 

the related G*T* and G*CT* sequence contexts on the primer extension activities catalyzed 

by the thermostable bacterial high-fidelity replicative A-family polymerase BF,27, 28 the 

archaeal thermostable DinB-like Y-family TLS polymerase from S. solfataricus P2BF 

(Dpo4),29 and two human Y-family TLS DNA polymerases (pol η and pol κ).30 The 

objectives of this exploratory work were to determine if (1) the TLS characteristics of the 

same G[8-3]T lesion in the different G*T* and G*CT* sequence contexts that are known to 

distort DNA to different extents,31, 32 and (2) to compare the observed TLS phenomena with 

those observed in the case of the isomeric G[8-5m]T and G[8-5]T lesions,15, 27, 33, 34 and 

other well-known IntraCL lesions derived from UV irradiation and cisplatin reactions with 

DNA.

2 Materials and methods

2.1 Materials

The 17-mer 5’-CCACCAACG*CT*ACCACC and 5’-CCACCAACG*T*CACCACC-3’ 

oligonucleotides containing the G*CT* or G*T* lesions were synthesized by oxidation of 

the parent sequences with photochemically generated carbonate radical anions.19, 23, 32 The 

integrity of the G*CT* and G*T* modified oligonucleotides purified by anion-exchange 

HPLC was confirmed by MALDI-TOF/MS spectroscopy and enzymatic excision of dG*-

dT* (from G*CT* sequence) and d(G*pT*) (from G*T* sequence) dinucleotides with 

nuclease P1 and alkaline phosphatase as described by Crean et al.19 The 17-mers were 

extended to the 26-mer or 49-mer oligonucleotides (Fig. 1) using standard ligation methods 

with complementary strands as templates and purified by denaturing gel electrophoresis as 

described earlier.32

2.2 Polymerases

The high-fidelity A-family27 and the archaeal polymerase IV from Sulfolobus sulfataricus 
(Dpo4)33 were kindly provided by Drs. Lorena Beese and Roger Woodgate, respectively. 

The human TLS polymerases and pol κ were purchased from Enzymax LLC (Lexington, 

KY, USA).

2.3 Running start primer extension assays

The 16-mer or 18-mer primers were 5’-32P-end-labeled using T4 polynucleotide kinase and 

[γ-32P]ATP, and then annealed to the unmodified 29-mer or 49-mer oligonucleotides without 

or with the G*T* or G*CT* lesions (Fig. 1). The annealing step was conducted with a 10% 

excess of the template strand by heating the sample solution to 90 °C, followed by slow 
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cooling of the solution to room temperature. The primer extension reactions were conducted 

at temperatures of 37 and 55 °C in the case of the thermophilic polymerases BF and Dpo4, 

and at 30 °C in the case of pol η and pol κ. The template-primer DNA concentrations were 

~10 nM in solutions of 25 mM potassium phosphate (pH 7.0), 5 mM MgCl2, 5 mM 

dithiothreitol, 100 µg/mL bovine serum albumin, 10% glycerol, 100 µM of each of the four 

dNTPs. The concentrations of DNA polymerases were 2 nM (BF), 20 nM (Dpo4), 60 nM 

(pol η), and 10 nM (pol κ), and these experiments were performed in triplicates.

2.4 Denaturing gel electrophoresis assays

The polymerase-catalyzed primer extension reactions were quenched by aliquots of 

denaturing loading buffer (95% formamide with 20 mM EDTA, 45 mM Tris borate, 0.1% 

bromphenol blue, and 0.1% xylene cyanol). The reaction products were resolved on a 20% 

polyacrylamide denaturing gel in the presence of 7 M urea. The dried gels were exposed to 

Storage Phosphor Screens contained in appropriate cassettes overnight and then analyzed 

using a Storm 840 Phosphorimager (Molecular Dynamics, Inc.) and quantitated using 

ImageQuant software.

3 Results

3.1 Replicative A-family polymerase BF

A typical extension experiment of the initial 16-mer primer strand catalyzed by the 

thermophilic A-family polymerase BF is shown in Fig. 2. It is evident that this replicative 

polymerase is mostly stalled after inserting a nucleotide opposite the first cross-linked T19* 

template base in the case of the G*CT19* lesion (Fig. 1B), thus resulting in a dominant 19-

mer stalled extension product. A similar stalling phenomenon was also observed after 

insertion of a nucleotide opposite the cross-linked C* by the A-family polymerase T7− in the 

case of the G[8-5]C lesion.17 Much smaller extents of nucleotide incorporation are observed 

opposite the two subsequent template sites C20 and G21* (Fig. 2B). Increasing the 

temperature from 37 to 55 °C does not significantly change this product distribution, except 

that the fraction of fully extended 29-mer and somewhat longer extension products increase 

from ~ 1.2% at 37 °C to ~ 2.4% at 55 °C; the formation of smaller amounts of blunt-end 30-

mer primer extension products is not unusual (Fig. 2A).16, 35, 36

In the case of the G*T20* lesion at 37 °C, primer extension generates mostly 19 and 20-

mers, with the 20-mers being more abundant. These products arise from the insertion of 

nucleotides opposite C19 and T20* (Figs. 2A and 2C). Under the same conditions, but at 

55 °C, the 19-mer product is almost fully converted to the 20-mer extension product 

indicating that the nucleotide insertion process opposite T20* is slower than opposite C19. 

However, nucleotide insertion opposite G21* to yield the 21-mer extension product is still 

inhibited at the higher temperature (Fig. 2C). Thus, the primer extension beyond the cross-

linked template base T* is strongly inhibited in the G*T20* template, thus yielding 

negligible levels of full 29-mer primer extension products (<0.5%) (Figs 2A and 2C). In 

summary, in both the G*CT* and G*T* cases, the slowest insertion steps are the primer 

extension steps beyond the cross-linked thymines T19* and T20*, respectively.
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3.2 Y-family polymerase Dpo4

Typical gel autoradiograph of primer extension phenomena are shown in Fig. 3A. The 

histograms derived from the denaturing gel autoradiograph show that in the case of the 

G*CT* template the yields of the fully extended 29-mer primer are higher than in the 

experiments with the high fidelity polymerase BF, and attain ~ 8.0% at 37 – 55 °C (Fig. 3B). 

The appearance of intermediate primer extension products catalyzed by Dpo4 is distributive 

as shown, for example, by Vyas et al.37, 38 Thus, the fainter bands of products shown in Fig. 

3A can be identified by counting the bands generated by the successive nucleotide insertion 

steps and primer extension product within the range of 18 – 29 nucleotides in lengths. The 

primer extension product accumulation is greatest when the primer 3’-terminal nucleotide is 

positioned opposite the C20 template bases in the G21*C20T19* strand at 37 °C and at 55 °C, 

thus suggesting that nucleotide incorporation opposite G21* is the rate-determining step 

(Fig. 3B).

In the case of the G*T* template at 37 °C, Dpo4 is partially stalled opposite T20 at 37 °C 

and opposite G21* at 55 °C (Fig. 3A). Thus, there is an accumulation of primer extension 

products after insertion of a nucleotide opposite T20* or G21*, respectively. The yields of the 

fully extended 29-mer primers are 3.0% at 37 °C and 4.5% at 55 °C (Fig. 3C), which is 

lower than in the case of the G*CT* template strand under the same conditions.

3.3 The human polymerases pol η and pol κ

The TLS of both types of IntraCL catalyzed by pol η at 30 °C is significantly more efficient 

than in the case of BF and DpO4. As in the case of Dpo4, there is an accumulation of 19 – 

20-mer primer extension products after the slow insertion of nucleotides at the cross-linked 

T19* → C20 step, a prominent accumulation of C20 extension products, followed by a 

slower C20 → G21* extension step. Smaller product accumulations after nucleotide 

insertions opposite G21* and C22 are also observed (Fig. 4A,B). Primer extension is 

markedly distributive with prominent amounts of 27 – 30-mer extension products formed 

(28–44%), including several blunt-end extension products more than 29 nucleotides in 

lengths (~10%); similar distributive and blunt-end primer extension products have been 

reported in the literature.12 The histograms derived from the denaturing gel autoradiographs 

show that in the case of G*T* primer, the extension patterns are similar, although the yields 

of products > 27 nucleotides in lengths (~28%, Fig. 4C) are lower than in the case of the 

G*CT* templates (~44%, Fig. 4B). The T20 → G21* step is the slowest, and the G21* → 

C22 step is also slow. Extension beyond the cross-linked C20 is the slowest, rate-determining 

step (Fig. 4C), as it is in the case of the G*CT* template (Fig. 3B). Similar in vitro full-

length primer extension patterns catalyzed by pol η past G[8-5m]T and G[8-5]C cross-linked 

lesions were also observed by Colis et al.14 and Gu and Wang,12 respectively.

We also investigated TLS catalyzed by pol κ, an ortholog of the archeal polymerase Dpo4.30 

The primer extension patterns catalyzed by pol κ with the same central 17-mer 3’-…

CCACCAACG*CT*ACCACC… sequence used in the other experiments, but embedded in 

a longer 49-mer template – 18-mer primer strand duplex was also explored (the longer 

sequence became available from another project; we surmised that the TLS activity should 

not be affected significantly by the greater length, relative to the lengths of the 29-mer 
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templates because pol κ grips only 9 – 10 base pairs at a time).39 The overall pattern of 

translesion bypass of the lesion-containing segment of the template strand 3’-…

C29G28*C27T26*A25C24… catalyzed by pol κ exhibited major stalling sites at the 

unmodified template bases C24 and A25, just before the cross-linked template base T26*(Fig. 

5). While the overall efficiency of full primer extension is similar in the case of pol κ and 

Dpo4 (Fig. 3B and 5B), the stalling patterns are different. In the case of Dpo4 translesion 

synthesis, stalled products accumulate after nucleotide insertions opposite T19* and C20, 

with lesser accumulations after insertion opposite A18 in the G21*C20T19*A18 sequence 

context (Fig. 3B). Finally, in the case of pol κ, the 25-mer/24-mer primer extension product 

ratio is slightly greater after a 90 min (Fig. 5C) than after a 30 min (Fig. 5B) incubation 

time, thus indicating that slow nucleotidyl transfer reactions continue to occur, albeit slowly, 

beyond 30 min.

4 Discussion

4.1 Replicative Polymerases

Replicative polymerases are known to be strongly blocked by the IntraCL G[8-5]C and 

G[8-5m]T lesions that are formed by gamma irradiation pathways.12, 13, 15, 17, 18 The 

oxidatively generated and isomeric IntraCL G[8-3]T lesions strongly block the replicative 

polymerase BF; full bypass is completely inhibited in the case of G*T*, and is only ~ 1 – 

2% in the case of the G*CT* sequence (Fig. 2). This is consistent with the results obtained 

with the G[8-5]C12, 17 and G[8-5m]T13, 18 IntraCL lesions that strongly inhibit a series of 

other replicative A-family polymerases.

4.2 The Y-family polymerases Dpo4 and pol κ

Dpo4 is the archaeal ortholog of human pol κ30 that has a flexible, spacious and solvent-

exposed active site.29 In the case of our G[8-3]T lesion in the G21*T20* sequence context, 

primer extension is slowed significantly from T20* → G21*, and even more strongly beyond 

G21*, thus leading to the low (~ 8%) observed full primer extension (Fig. 3). In the case of 

the G[8-3]T lesion positioned in the G21*C20T19* sequence context, there is an 

accumulation of primer extension products after nucleotide insertions opposite T19* and 

especially opposite the unmodified C20. This indicates that the primer extension step C20 → 

G21* is the slowest one. In the case of the G21*T20* lesion, nucleotide insertion is more 

facile opposite T20* than opposite G21*, while primer extension beyond G21* is the slowest 

step at 37 °C (Fig. 3C).

Dpo4 has the ability to bypass a variety of other DNA lesions,40 including the intrastrand 

cisplatin-derived cis-Pt-G*G* lesions.41, 42 While the bypass of the cis-Pt-G*G* lesions was 

significant, prominent pause sites were observed after the successful insertion of nucleotides 

opposite the 5’-template G*, and to a lesser extent opposite the upstream 3’-G*. Similar to 

the results observed with the G*T* lesion, in the case of cis-Pt-G*G*, nucleotide insertion 

opposite the first cross-linked 5’-G* was more efficient than opposite the second cross-

linked G* base.41, 42
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Another extensively studied IntraCL is the cis-syn cyclobutane thymine-thyme dimer T*T*, 

which is bypassed inefficiently by Dpo4 because of the slow insertion efficiencies across the 

first cross-linked T* encountered by the polymerase.43

Pol κ is well known for bypassing primarily N2-guanine lesions,31, 44 and is also known to 

be involved in the bypass of interstrand cross-linked lesions.3, 45 In the case of the G[8-3]T 

lesion in the G28*C27T26*A25C24 sequence context, significant amounts of extension 

products accumulate with the 3’-end nucleotide of the primer strand opposite C24 and A25, 

indicating that the A25 → T26* is the slowest step. The overall full-length bypass is in the 

range of 9 – 11% under the specified reaction conditions (Fig. 5). Similarly, the cis-syn 
T*T* thymine dimers are not bypassed by pol κ in vitro,31 and it has been proposed that pol 

κ is involved only in the extension step beyond the cross-linked thymines.46

4.3. Pol η bypasses G[8,3]T, G[8,5]T and other intrastrand cross-linked DNA lesions

Pol η was the most efficient polymerase in bypassing the G[8-3]T lesions in both sequence 

contexts (Fig. 4). It is interesting to compare the human pol η TLS patterns obtained with the 

G[8-3]T lesion in the G*T* sequence context with those observed in the case of the related 

G[8-5m]T IntraCL generated by gamma irradiation; in the case of the G[8-5m]T and 

G[8-5]C lesions, significant accumulations of partially extended primer strands are observed 

after the insertion of nucleotides opposite the cross-linked T* and G* template bases.12–15 

These results indicate that the insertion of nucleotides opposite T* by human (and yeast) pol 

η is more efficient than opposite G*, while primer extension beyond the cross-linked G* is 

the slowest step. To summarize, both of the IntraCLs, G[8-3]T and G[8-5m]T are bypassed 

by pol η, although less efficiently than the unmodified control sequences, and in both cases a 

significant fraction of partially extended products are observed, including blunt end 

extension products.

Pol η is best known for efficiently bypassing the IntraCL cis-syn CPD thymine dimers in an 

error-free manner,34, 43, 47, 48 but is stalled by the 6-4 pyrimidine-pyrimidone thymine-

thymine photoproduct.48 On the other hand, the cisplatin-derived IntraCL product Pt-G*G* 

is partially bypassed by pol η.48, 49 It has been proposed that the bypass of different IntraCL 

lesions by pol η depends strongly on the abilities of the cross-linked nucleotides to form 

proper hydrogen bonds with the incoming dNTPs, the structural features of the primer-

template junction at the polymerase active site, and the positions of the cross-linked 

bases.43, 49, 50

It is of interest to consider the structural differences between the G[8,3]T and cisplatin 

derived IntraCL that may account for the different bypass efficiencies catalyzed by pol η. 

The Pt-G*TG* lesion is more poorly bypassed by pol η than the Pt-G*G* lesion, because 

pol η fails to insert nucleotides either across the first cross-linked 3’-side G* and across the 

following T.51 These results suggest that the rigid and square-planar Pt coordination 

structure displaces the intervening thymine as well as the 3’-G* that is connected to the 5’-

G* from their normal positions at the active site of the polymerase. These unfavorable 

alignments lower the overall bypass of the cisplatin-derived Pt-G*TG* lesions,51 while in 

the Pt-G*G* case the absence of the T may allow for a more favorable alignment of the rigid 

cis-Pt-G*G* structure for translesion bypass. In the case of the G*CT* and G*T* lesions, 
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the absence of a bulk substituent like cis-Pt is more favorable for primer extension. In 

contrast to the cisplatin modified cis-Pt-G*TG*/-G*G* sequences, the G[5,3]T lesion in the 

G*CT* sequence context is better bypassed by pol η than in the G*T* sequence (Fig.4), as 

discussed in the following section.

4.4 More efficient bypass of G[8,3]T lesions in the G*CT* than the G*T* sequence context

The overall bypass catalyzed by pol η or Dpo4 of the G[8-3]T IntraCL lesion in the G*CT* 

sequence is more efficient than in the case of the G*T* template sequences (Figs. 3 and 4). 

This suggests that an unmodified C positioned between the G* and T* cross-linked bases 

facilitates the overall bypass of these oxidatively generated cross-linked lesions.

Here we examine the structural features of these lesions that might account for these 

observations. The sterically and energetically feasible conformations of the G*T* and 

G*CT* were analyzed by molecular modeling, free energy calculations, and molecular 

dynamic simulations of G*T* and G*CT* in double-stranded DNA by Ding et al.32 In the 

case of G*CT*, eight energetically feasible conformations were identified, while in the case 

of G*T* there were only two. It was concluded from these findings that the hindered 

rotation about the G*-T* cross-linked bond limits the conformational possibilities in the 

case of G*T*, while in the case of G*CT* more flexibility is permitted in the DNA 

backbone because of the intervening deoxycytidine nucleotide in G*CT*. These are intrinsic 

properties of the G*T* and G*CT* lesions that occur in the absence of the secondary 

structure of the DNA. In the case of G*CT* lesions, multiple configurations at the active 

sites are possible, some being favorable for TLS and some not. An example of a lack of 

flexibility in TLS is the crystallographic structure of the cis-Pt-G*G* lesions positioned at 

the active site of pol η published by Alt et al;49 two structures were identified, one of these 

structures has the correct alignment of residues for primer extension, while the other does 

not. In an analogous manner, we propose the hypothesis that the G*CT* can assume more 

different configurations than G*T*, including some that are favorable for TLS, thus allowing 

for an overall higher yield of TLS primer extension products.

5 Conclusions

The intra-strand cross-linked G[8,3]T lesions in two different sequence contexts G*CT* and 

G*T* represent strong blocks of bypass catalyzed by the replicative thermophilic 

polymerase BF at 37 or 55 °C in vitro. The archaeal polymerase Dpo4 and its human 

ortholog pol κ are also inhibited by the cross-linked G* and T* lesions, but a small amount 

of full primer extension is nevertheless observed in the range of ~ 7 – 11% under similar 

incubation conditions. By contrast, a much stronger but highly distributive pattern of 

translesion bypass catalyzed by the Y-family polymerase pol η is observed; the sum of 

primer extension products varying in lengths from two nuclotides shorter than the fully 

extended primer, to three nucleotide-longer blunt-end extension products, varied from 

28±4% in the case of the G*T* to 42 ± 5% in the case of the G*CT* sequences. The 

translesion bypass is consistently lower in the case of the G*T* lesion. It is proposed that 

this difference is associated with the rigidity of the sterically hindered G*T* cross-link, 

while the intervening unmodified cytosine base imparts some flexibility to the G*CT* 
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lesions that can assume multiple configurations,32 some of which are favorable for lesion 

bypass.
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Fig. 1. 
Structures of the G*[8-3]T* intrastrand cross-links and the sequences of the DNA duplexes 

used in the experimental studies. The asterisks denote the cross-linked bases. Panel A: 

G*CT* lesion. Panel B: G*T* lesion.
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Fig. 2. 
Panel A: Running-start primer extension on 29-mer unmodified or modified templates with 

G*CT* and G*T* lesions catalyzed by BF polymerase. In the presence of all four dNTPs 

5’-32P-labeled 16-mer primer (Fig. 1) was extended by BF polymerase (see text for 

experimental conditions). GCT unmodified template (UM): lanes 2 and 3, incubation times 5 

and 10 min at 37 °C; lanes 4 and 5, incubation time 5 and 10 min at 55 °C (the results for the 

unmodified GT are not shown because they are indistinguishable from those shown for the 

unmodified GCT sequence). G*CT* template: lanes 7 – 9, incubation time 5, 10 and 30 min 
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at 37 °C; lanes 10 – 12, incubation time 5, 10 and 30 min at 55 °C. G*T* template: lanes 14 

– 16, incubation time 10, 20 and 30 min at 37 °C; lanes 17 – 19, incubation time 10, 20 and 

30 min at 55 °C. The 29-mer would constitute a fully extended primer and its position 

together with the unextended 16-mer are shown in the lanes 1, 6 and 13. Panels B and C: 

Histograms of the denaturing gel autoradiograph (Panel A) for extension of 16-mer primers 

on the G*CT* (B) and G*T* (C) templates catalyzed by BF polymerase. In each case, the 

profiles are derived from the respective lanes for 30 min incubation time at 37 and 55 °C. 

Repeat experiments showed similar inefficient primer extension yields to those indicated at 

the 30 min time points (1.5±0.3% at 37 °C and 2.6±0.4% at 55 °C in the case of G*CT*, 

while the yields were negligible in the case of G*T* under the same conditions).
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Fig. 3. 
Panel A: Running-start primer extension on 29-mer unmodified or modified templates with 

G*CT* and G*T* lesions catalyzed by Dpo4 polymerase. In the presence of all four dNTPs 

5’-32P-labeled 16-mer primer (Fig. 1) was extended by Dpo4 polymerase (see text for 

experimental conditions). GCT unmodified template (UM): lanes 2 and 3, incubation times 5 

and 10 min at 37 °C; lanes 4 and 5, incubation time 5 and 10 min at 55 °C. G*CT* template: 

lanes 7 – 9, incubation time 5, 10 and 30 min at 37 °C; lanes 10 – 12, incubation time 5, 10 

and 30 min at 55 °C. G*T* template: lanes 14 – 16, incubation time 10, 20 and 30 min at 
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37 °C; lanes 17 – 19, incubation time 10, 20 and 30 min at 55 °C. The 29-mer would 

constitute a fully extended primer and its position together with the unextended 16-mer are 

shown in the lanes 1, 6 and 13. Panels B and C: Histograms of the denaturing gel 

autoradiograph (Panel A) for extension of 16-mer primers on the G*CT* (B) and G*T* (C) 

templates catalyzed by Dpo4 polymerase. In each case, the profiles are derived from the 

respective lanes for 30 min incubation time at 37 and 55 °C. The averages of three trials 

were similar at both temperature (7.0±2.0% and 3.0±0.6% in the case of G*CT* and G*T*, 

respectively).
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Fig. 4. 
Panel A: Running-start primer extension on 29-mer unmodified or modified templates with 

G*CT* and G*T* lesions catalyzed by pol η polymerase. In the presence of all four dNTPs 

5’-32P-labeled 16-mer primer (Fig. 1) was extended by pol η polymerase (see text for 

experimental conditions) at 30 °C. GCT unmodified template (UM): lanes 2 – 5, incubation 

time 10, 20, 30 and 60 min. G*CT* template: lanes 7 – 10, incubation time 10, 20, 30 and 

60 min. G*T* template: lanes 12 – 15, incubation time 10, 20, 30 and 60 min. The 29-mer 

would constitute a fully extended primer and its position together with the unextended 16-
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mer are shown in the lanes labeled ctrl. Panel B and C: Histograms of the denaturing gel 

autoradiograph shown in Panel A for extension of 16-mer primers on the G*CT* (B) and 

G*T* (C) templates catalyzed by pol η polymerase. In each case, the profiles are derived 

from the respective lanes for 30 min incubation time, and the percent lesion bypass (defined 

as the sum of all primer extension products 27 – 32 nucleotides long is also shown). The 

averages of three trials were 45±5% and 28±4% for the G*CT* and G*T* template strand 

sequences, respectively.
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Fig. 5. 
Panel A: One-base incorporation opposite the adduct site catalyzed by pol κ polymerase. In 

the presence of all four dNTPs 5’-32P-labeled 18-mer primer 5’-

GCGGATCTGGCCAGATAG was extended by pol κ polymerase (see text for experimental 

conditions) at 30 °C. Unmodified template (UM): lanes 2 – 5, incubation time 15, 30, 60 and 

90 min. G*CT* template: lanes 7 – 10, incubation time 15, 30, 60 and 90 min. The 49-mer 

constitutes a fully extended primer. Positions of the unextended 18-mer are shown in the 

lanes 1 and 6. Panel B and C: Histograms of the denaturing gel autoradiograph (Panel A) for 
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extension of 18-mer primers on the G*CT* template catalyzed by pol κ polymerase. In each 

case, the profiles are derived from the respective lanes for 30 min (B), 10 ± 2% average full 

extensions, and for 90 min (Panel C).
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