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Abstract

Nucleotide excision repair (NER) plays an important role in maintaining the integrity of DNA by 

removing various types of bulky or distorting DNA adducts in both prokaryotic and eukaryotic 

cells. In Escherichia coli, the excision repair proteins UvrA, UvrB, and UvrC recognize and incise 

the bulky DNA damages induced by UV light and chemical carcinogens. In this process, when a 

putative lesion in DNA is identified initially by UvrA, a subsequent strand opening is carried out 

by UvrB that not only ensures that the distortion is indeed due to a damaged nucleotide but also 

recognizes the chemical structure of the modified nucleotides with varying efficiencies. UvrB also 

recruits UvrC that catalyzes both the 3′ and the 5′-incisions. Herein, we examined the interaction 

of UvrABC with a DNA substrate containing a single G[8,5-Me]T cross-link and compared it with 

T[6,4]T (the 6-4 pyrimidine–pyrimidone photoproduct) and the C8 guanine adduct of N-acetyl-2-

aminofluorene (AAF). The intrastrand vicinal cross-link G[8,5-Me]T containing a covalent bond 

between the C8 position of guanine and the 5-methyl carbon of the 3′-thymine is formed by X-

radiation, while T[6,4]T is a vicinal cross-link induced by the UV light. We also selected the AAF 

adduct for comparison because it represents a highly distorting monoadduct containing a covalent 

linkage at the C8 position of guanine. The dissociation constants (Kd) for UvrA protein binding to 

DNA substrates containing the G[8,5-Me]T, T[6,4]T, and AAF adducts, as determined by gel 

mobility shift assays, were 3.1 ± 1.3, 2.8 ± 0.9, and 8.2 ± 1.9, respectively. Although UvrA had a 

considerably higher affinity for G[8,5-Me]T than for the AAF adduct, the G[8,5-Me]T intrastrand 

cross-link was incised by UvrABC much less efficiently than the T[6,4]T intrastrand cross-link 

and the AAF adduct. Similar incision results also were obtained with the DNA substrates 

containing the adducts in a six-nucleotide bubble, indicating that the inefficient incision of G[8,5-

Me]T cross-link by UvrABC was probably due to the lack of efficient recognition of the adduct by 

UvrB at the second step of DNA damage recognition in the E. coli NER. Indeed, as compared to 

T[6,4]T and AAF substrates, which clearly showed UvrB–DNA complex formation, very little 
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UvrB complex was detectable with the G[8,5-Me]T substrate. Our result suggests that G[8,5-Me]T 

intrastrand cross-link is more resistant to excision repair in comparison with the T[6,4]T and AAF 

adducts and thus will likely persist longer in E. coli cells.

Introduction

Ionizing radiation generates a wide array of lesions in DNA, including single and double 

strand breaks, base damages, and apurinic/apyrimidinic sites (1). A vast majority of these 

DNA damages are indistinguishable from those formed under endogenous oxidative stress 

(2). The formation of clustered DNA damages within a short stretch of DNA, however, is a 

unique feature of ionizing radiation (3). A group of free radical-induced tandem lesions, 

including the cross-link in which the guanine C8 is covalently linked to the methyl carbon of 

an adjacent thymine (G[8,5-Me]T),1 are formed following X-irradiation of oxygen-free 

aqueous solution of DNA (4–8). The G[8,5-Me]T tandem lesion represents one in a series of 

nearly a dozen radiation-induced purine–pyrimidine (or pyrimidine–purine) cross-links 

identified in the past decade (9).

The biological effects of these intrastrand vicinal cross-links are little studied, except for a 

report that a cross-link formed by guanine and cytosine causes misreplication in vitro (5). To 

our knowledge, repairability of these cross-links, either in vitro or in vivo, has not yet been 

explored. Most ionizing radiation/oxidation-induced damages are repaired by DNA 

glycosylases (i.e., base excision repair) (ref 10 and references therein). However, 8,5′-

cyclopurine-2′-deoxynucleosides, which belong to a group of radiation-induced tandem 

damages that strongly block gene expression, are repaired by nucleotide excision repair 

(NER) (11). The vicinal cross-links such as G[8,5-Me]T are structurally distinct from 

various other damages induced by X-radiation. Intrastrand cross-links are known to induce 

bends in DNA, which may serve as an initial recognition feature for repair systems such as 

the NER. It is therefore conceivable that G[8,5-Me]T and related radiation-induced cross-

links that are likely to induce kinks or bends in DNA may also be repaired by NER.

The general mechanism of UvrABC nuclease, the NER proteins of Escherichia coli, is now 

well-established (1), even though details of this process continue to be investigated by many 

research groups. It is known that the UvrA and UvrB proteins are involved in recognition of 

a lesion in DNA, whereas UvrC performs the incisions. When a putative lesion is identified 

initially by UvrA, a subsequent strand opening is carried out by UvrB that ensures that the 

distortion is indeed due to a damaged nucleotide (12, 13). It is believed that the β-hairpin 

domain of UvrB is inserted into the DNA helix both to verify the damaged nucleotide and to 

establish which strand has been damaged (14–16). Another important function of UvrB is 

recruitment of the UvrC protein that contains two functional endonuclease domains. The N-

terminal part cuts the damaged strand four or five nucleotides 3′ to the lesion, whereas the 

1Abbreviations: NER, nucleotide excision repair; AAF, N-acetyl-2-aminofluorene; T[6,4]T, pyrimidine–pyrimidone 6-4 
photoproduct; G[8,5-Me]T, guanine–thymine intrastrand cross-link with a covalent bond between the C8 of guanine and the 5-methyl 
carbon of the 3′-thymine (please note that T[6,4]T and G[8,5-Me]T have also been used to represent the corresponding 2′-
deoxydinucleoside monophosphate or DNA fragment); UvrABC, UvrA, UvrB, and UvrC proteins; EMSA, electrophoresis gel 
mobility shift assays; EDTA, ethylenediaminetetraacetic acid; TBA, Tris–boric acid–ethylenediaminetetraacetic acid; IPTG, isopropyl 
thiogalactoside; DTT, dithiothreitol; PAGE, polyacrylamide gel electrophoresis.
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C-terminal part induces the second incision approximately eight nucleotides 5′ to the 

damaged nucleotide (12, 13). Previous studies on vicinal cross-links indicate that different 

intrastrand cross-links are incised at vastly different rates by UvrABC. For example, of the 

various UV thymine–thymine photoproducts, UvrABC removes the cis-syn, trans-syn, 

pyrimidine–pyrimidone 6-4 photoproduct (T[6,4]T), and Dewar photoproducts at relative 

rates of 1:6:9:9, respectively (17). Using a series of substrates, the investigators also 

established that the effect of neighboring sequences on repair of cis-syn thymine–thymine 

photodimer is relatively small (17). While this study showed that there is no correlation 

between the rates of repair and the degree of perturbation by these photoproducts, a more 

recent study using 2-, 3-, and 4-carbon tethers between the N2 positions of two guanines 

showed that UvrABC recognition and incision are directly related to the degree of bending 

induced by the linker (18). The apparent disagreement between these studies reflects the 

difficulty in postulating a unified mechanism of UvrABC in repairing both monoadducts and 

cross-links, and more investigations on a variety of substrates would be needed to decipher 

the mechanistic details of this excision nuclease.

Whether the radiation-induced tandem lesions, such as G[8,5-Me]T, are repaired by NER is 

evidently an important question to be addressed. In addition, the availability of this new 

series of vicinal cross-links now provides another group of substrates to investigate the 

mechanism of UvrABC repair. Herein, we report that the G[8,5-Me]T cross-link is subject 

to repair, albeit not very efficiently, by UvrABC.

Materials and Methods

Chemicals and Enzymes

Tris base, boric acid, and ethylenediaminetetraacetic acid (EDTA) were purchased from 

Sigma (St. Louis, MO). Acrylamide, ammonium persulfate, N,N′-methylene bis-acrylamide, 

and urea were obtained from International Diagnostic (St. Joseph, MI). [γ-32P]ATP was 

purchased from Amersham Biosciences (Piscataway, NJ). All other chemicals were obtained 

from Fisher Scientific (Fairlawn, NJ). Nuclease P1 and phosphodiesterase II were obtained 

from US Biological Inc. (Swampscott, MA), and phosphodiesterase I was from USB Corp. 

(Cleveland, OH). Bacterial alkaline phosphatase was purchased from Invitrogen Corp. 

(Carlsbad, CA). Restriction enzymes were obtained from New England Biolabs (Beverly, 

MA).

DNA Oligodeoxynucleotides

The T[6,4]T oligonucleotide was synthesized by Protein Chemistry Core Laboratory, 

University of Texas Medical Branch (Galveston, TX). The N-acetyl-2-aminofluorene 

(AAF)-11-mer was synthesized, purified, and characterized as described (19, 20). Each 

oligonucleotide was purified by urea polyacrylamide gel electrophoresis (PAGE) under 

denaturing conditions.

Protein Purification and Substrate Construction

The UvrA, UvrB, and UvrC proteins (UvrABCs) were overexpressed and purified from E. 

coli as described previously (19). Figure 1A shows the purified UvrABCs on an 8% SDS–
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PAGE gel stained with Coomassie blue. The estimated purity of three proteins was more 

than 95%. The protein concentration was determined by Bio-Rad protein assay using BSA 

as a standard following the manufacturer’s procedures. To investigate the interaction of E. 

coli UvrABC proteins with G[8,5-Me]T intrastrand cross-link adduct in comparison with 

T[6,4]T intrastrand cross-link adduct and AAF, DNA substrates of 49–51 bp were 

constructed containing a single adduct of G[8,5-Me]T, T[6,4]T, or AAF in the middle of the 

sequence (Figure 1B,C) (19). The control and lesion-containing oligonucleotides (i.e., an 

unmodified 12-mer, G[8,5-Me]T-12-mer, AAF-11-mer, or T[6,4]T-10-mer) were ligated to 

a 20-mer and 19-mer on the 5′- and 3′-ends, respectively, to generate the substrates (Figure 

1C). For substrate construction with T[6,4]T and AAF, the 20-mer was 5′-terminally labeled 

with 32P, while for G[8,5-Me]T, the G[8,5-Me]T-12-mer was 5′-terminally radiolabeled 

(thus, the 51 bp substrate was internally labeled). Relatively mild conditions (e.g., DNA was 

denatured at 80 °C for annealing rather than at >90 °C) were used to prevent G[8,5-Me]T 

and T[6,4]T cross-link and AAF adducts from any potential chemical alteration during 

preparation. The ligation products were purified by urea-PAGE under denaturing conditions. 

As shown in Supporting Information Figure S1A for the products of a typical ligation of the 

oligomers with the 5′-terminally labeled 20-mer, good yields of ligation have been obtained 

for all four substrates (as marked as 51-, 50-, and 49-mer). After the purification, the ligated 

products 51-mer, 50-mer, and 49-mer were annealed with their corresponding 

complementary strands (bottom 51-mer, 50-mer, and 49-mer) and purified again on an 8% 

polyacrylamide native gel. To confirm that all of the substrates were fully double strand and 

homogeneous, the substrates were subjected to digestion with restriction enzyme HaeIII 

(Supporting Information Figure S1B) or ResI (data not shown). HaeIII, which specifically 

recognizes DNA sequence 5′-GGCC-3′ (Figure 1C), efficiently cleaved these substrates to 

41-mer, 40-mer, or 39-mer and 10-mer. All substrates were digested to >95% as indicated 

by loss of the top band and appearance of shorter oligonucleotides in the digestion products 

(Supporting Information Figure S1B). The restricted 10-mer was invisible on the gel since 

all samples shown in Supporting Information Figure S1 were 5′-terminally labeled.

Construction of DNA bubble substrates was carried out similarly as described above except 

that the damaged top strands were annealed with the bottom strands with the bases 

mismatched from the 2nd nucleotide 5′ through the 3rd (for AAF) or 2nd nucleotide (for 

G[8,5-Me]T and T[6,4]T) 3′ to the adduct (19). All bubble substrates were constructed 

with 32P-labeling at the 5′-end of the starting 20-mer.

Electrophoretic Mobility Shift Assays (EMSA)

Binding of the UvrA protein to the DNA substrates was determined by gel mobility shift 

assays. Typically, the substrate (1 nM) was incubated with UvrA at varying concentrations 

as indicated at 37 °C for 15 min in 20 μL of UvrABC buffer [50 mM Tris-HCl, pH 7.5, 50 

mM KCl, 10 mM MgCl2, and 5 mM dithiothreitol (DTT)]. After incubation, 2 μL of 80% 

(v/v) glycerol was added, and the mixture was immediately loaded onto a 3.5% native 

polyacrylamide gel in 1 × TBE running buffer and electrophoresed at room temperature. For 

estimation of the dissociation constant for the UvrA interaction with a DNA adduct, 

radioactivity of the DNA bands on gel was quantified with a Fuji FLA-5000 phosphoimage 

scanner. The binding isotherm was then generated, and the Kd (dissociation constant) was 
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estimated from the UvrA titration concentration at which half of the DNA substrate 

molecules had been bound. The binding of UvrA and UvrB proteins to DNA substrates was 

carried out as described previously (21). Briefly, the mixture of proteins was incubated with 

DNA (1 nM) at 37 °C for 30 min in UvrABC binding buffer containing 1 mM ATP. The 

binding products were then separated on a 6% polyacrylamide native gel at room 

temperature with ATP (1 mM) and MgCl2 (10 mM) present in both the gel and the 1 × TBE 

running buffer.

Incision Assays

The 5′-terminally labeled DNA substrates (2 nM) were incised by UvrABC (UvrA, 15 nM; 

UvrB, 250 nM; and UvrC, 100 nM) in the UvrABC buffer with 1 mM ATP at 37 °C for a 

given period. The UvrABC subunits were diluted and premixed into storage buffer before 

mixing with DNA substrates. The mixtures of UvrABC were loaded into the cap well of the 

reaction tube. Reactions were started by spinning the proteins down to the reaction buffer 

containing DNA substrate at the bottom of the tube. The reaction aliquots collected at each 

time point were terminated by adding EDTA (20 mM) and heating with formamide to 90 °C 

for 3 min. The samples were then analyzed by electrophoresis on a 12% polyacrylamide 

sequencing gel under denaturing conditions with 1 × TBE buffer.

Quantification of Incision Products

In this study, all quantitative data of radioactivity were generated using Image Reader 

FLA-5000 V2.0 and Image Gauge V3.46 and using the volume integration method. The 

amount of DNA incised (DI, in pmol) by UvrABC was calculated based on the total molar 

amount of DNA used in each reaction (M) and the percentage of radioactivity in the incision 

products (IP) as compared to the total radioactivity. At least three independent experiments 

were performed for determination of the rates of incision. The initial rate was determined by 

a linear least-squares fit of the data collected over the incision period.

Results and Discussion

Synthesis of G[8,5-Me]T Dodecamer

The monomer, 5′-dimethoxytrityl-5-(phenylthiomethyl)-2′-deoxyuridine phosphoramidite, 

was synthesized as described (6, 22). It was incorporated into the 12-mer, 5′-GTG 

 GTT TGT-3′, by “pac phosphoramidite” chemistry and deprotected under mild 

conditions (23). UV-C irradiation of this 12-mer (Figure 2A) gave a mixture of peaks by 

reverse phase HPLC (Figure 2B). ESI-MS analysis indicated that peaks a and b with 

abundant M − H mass peaks of 3693.56 and 3693.62, respectively, contained the G[8,5-

Me]T or T[5-Me,8]G cross-link (calculated [M − H] is 3693.61), whereas the major peak c 

was found to contain the unmodified 12-mer, 5′-GTG CGT GTT TGT-3′. The remaining 

-containing dodecamer eluted as peak d. Enzymatic digestion followed by reverse 

phase HPLC analysis showed that peak b contained the G[8,5-Me]T cross-link (Figure 3A). 

The presence of G[8,5-Me]T dinucleoside monophosphate was confirmed by mass spectral 

analysis, which showed a peak of 570.14 in positive ion mode and 568.09 in negative ion 

mode (calculated [M + H] and [M − H] are 570.14 and 568.12, respectively). The MS-MS 

analysis of the 570.14 and 568.09 peaks showed the formation of a fragment of m/z 276 and 
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274, respectively, corresponding to the guanine–thymine cross-linked base moiety and a 

fragment of m/z 472 and 470, respectively, corresponding to the loss of 2-deoxyribose (see 

Supporting Information Figures S3 and S4). This peak also coeluted with an authentic 

G[8,5-Me]T standard (Figure 3B). We found an additional peak X in the enzymatic 

digestion mixture, which eluted immediately before dC by reverse phase HPLC (Figure 3A). 

This peak exhibited an identical absorption spectrum as G[8,5-Me]T. A larger fraction of 

this peak was detected when the G[8,5-Me]T-containing dodecamer was subjected to 

digestion with only phosphodiesterase I and bacterial alkaline phosphatase. However, 

phosphodiesterase I (or II) and alkaline phosphatase had no effect on the G[8,5-Me]T dimer. 

ESI-MS analysis of X showed a peak of [M − H] 648.3 corresponding to a G[8,5-Me]T 

dimer with an additional phosphate. MS-MS analysis of this peak showed the expected 

peaks of 568, 470, and 274 corresponding to G[8,5-Me]T and its fragments. Taken together, 

we conclude that X contained G[8,5-Me]T 5′-phosphate, which resulted from incomplete 

hydrolysis of the 5′-phosphate by bacterial alkaline phosphatase.

Binding of UvrA to G[8,5-Me]T in Comparison to T[6,4]T Intrastrand Cross-Link and dG-
AAF–DNA Adduct

To understand the biochemical basis of recognition and incision of G[8,5-Me]T cross-link 

by UvrABC nucleases, we performed gel mobility shift assays to examine binding of these 

DNA substrates with varying concentrations of UvrA. As a positive control, we used the 

T[6,4]T photoproduct (Figure 1B), which is a vicinal cross-link and is known to be a good 

substrate for UvrABC. It is repaired nine times more efficiently by UvrABC than cis-syn 

thymine–thymine photodimer (17). We also used a highly distorting AAF monoadduct of 

dG (Figure 1B) as another positive control. It is noteworthy that the local DNA sequences 

for the T[6,4]T and dG-AAF used here were different (Figure 1C), but we believe that the 

context difference is unlikely to have a major effect. This is based on a sequence context 

study of thymine–thymine cis-syn photodimer, which showed that the sequence effect on the 

Uvr repair is relatively small (17). With dG–AAF and dG–AF adducts, we also found that 

both UvrA binding and UvrABC incisions could change in a different sequence context, but 

the magnitude is within 2-fold (24). It is important to point out that the AAF adduct at the 

NarI site (5′-G1G2CG3-CC-3′) shows a more pronounced effect on the efficiency of 

incision: The adducts at G1 and G3 are incised at a much greater efficiency than the adduct 

at G2 (25). However, a strong sequence-dependent polymorphism of the adduct and 

existence of multiple conformations that interconvert rapidly in the NarI sequence have been 

suggested to contribute toward these differences in the NER.

As shown in Figure 4, incubation of these substrates with UvrA resulted in formation of the 

UvrA2–DNA complex as a slowly mobilizing band. The faster running band represented the 

substrate free of UvrA protein. Titration of the binding with varying UvrA concentrations 

generated binding isotherms, which were then used for determination of the dissociation 

constants (19). As listed in Table 1, the order of binding affinity was G[8,5-Me]T ≈ T[6,4]T 

≫ AAF. As expected, the affinity of UvrA for nondamaged 51bp was much lower than 

damaged DNA (Figure 4C, lanes 1–4). Because the UvrA2 protein is responsible for the 

recognition of local DNA helix alterations such as bending, kinking, and unwinding induced 

by DNA adduct (12, 13, 26), the higher affinities of UvrA for the G[8,5-Me]T and T[6,4]T 
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intrastrand cross-linked substrates suggest that relative to the AAF adduct, a more 

pronounced helical distortions of DNA duplex might have been induced by the cross-links. 

It is important to point out that in comparison to several other bulky C8–dG monoadducts, 

AAF adduct is recognized more efficiently by UvrA (19), which implies that UvrA 

recognition of these two vicinal cross-links is remarkably efficient.

UvrABC Incisions of G[8,5-Me]T, T[6, 4]T Intrastrand Cross-link and AAF DNA Substrates

As shown in Figure 5A,B, the three substrates containing G[8,5-Me]T, T[6,4]T intrastrand 

cross-links and AAF–C8 guanine adduct (structures shown in Figure 1B) were incised by 

UvrABC nuclease in a kinetic assay. These substrates were either labeled at the 5′-end of the 

damaged strand (for T[6,4]T and AAF) or internally labeled (for G[8,5-Me]T) (see Materials 

and Methods), and thus, different lengths of radiolabeled incision products were observed. A 

major incision product of labeled 13-mer was visualized on gel for G[8,5-Me]T-51bp 

substrate (Figure 5A), while 18-mer and 17-mer products were obtained with AAF-50bp and 

T[6,4]T-49bp substrates, respectively (Figure 5B). This result is consistent with the 

currently accepted mechanism of UvrABC, in which UvrA2B complex binds to the cross-

linked or lesion-containing DNA. The UvrA2 protein then dissociates, and UvrC is recruited. 

For the G[8,5-Me]T substrate, because the substrate was internally labeled, the observed 

incision product is the radiolabeled 13-mer containing the G[8,5-Me]T adduct. Thus, it 

appears that the first primary incision occurs between the 4th and the 5th bases 3′ to the 

lesion, which is followed by the second incision eight phosphates 5′ to the cross-link 

(generating a radiolabeled 13-mer).

The result also indicates that the repair proteins cleaved G[8,5-Me]T, T[6,4]T, and AAF 

adducts with significantly different efficiencies. Particularly notable was the difference in 

incision rates between the two cross-links. As shown in Table 1, the incision rates follow the 

order of T[6,4]T > AAF ≫ G[8,5-Me]T. Although G[8,5-Me]T and T[6,4]T intrastrand 

cross-linked substrates were recognized equally well by the UvrA protein (Figure 4 and 

Table 1), the UvrABC incision of G[8,5-Me]T cross-link was far less efficient than that of 

T[6,4]T. It has been postulated that DNA damages are recognized by UvrABC through at 

least two sequential and dynamic steps, in which the first step involves recognition of DNA 

helical distortion, whereas the second one involves recognition of the adduct structure and 

conformation in the single-stranded region of DNA (13, 26, 27). Therefore, our results could 

be attributed to poor recognition of the G[8,5-Me]T lesion at the second step in which UvrB 

plays a crucial role in recognition following the UvrA binding, with the resultant effect that 

the adduct was incised inefficiently. It also suggests that the second step of recognition may 

be more important than the first one for the UvrABC repair efficiency. Additional 

supporting evidence was obtained from the UvrABC incisions of DNA bubble substrates. 

Unlike the normal DNA substrates, the presence of bubble structure with mismatched bases 

flanking the lesion has been used to override the helical distortion induced by the DNA 

damage as well as the UvrA-induced first step of recognition (12, 13). As shown in Figure 6, 

the G[8,5-Me]T adduct was incised with a much lower efficiency as compared to the other 

two lesions. We wish to point out that the additional incision products of 10-mer and 11-mer 

observed in Figure 6 were due to the 2nd 5′-incision of UvrABC (12, 28, 29). This second 
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incision is coupled with and depended on the first 5′-incisions and therefore should be 

included for determination of incision efficiencies (13).

To further confirm the poor recognition by UvrB, formation of UvrB–DNA complex in the 

binding of UvrA and UvrB proteins to substrates was examined in a gel mobility shift assay 

in the presence of ATP (Figure 7). Consistent with the other experiments, the efficiency of 

the complex formation followed the order T[6,4]T > AAF ≫ G[8,5-Me]T. In fact, little 

UvrB–G[8,5-Me]T complex could be visualized on the gel even after prolonged exposure 

(Figure 7). The structural feature of the G[8,5-Me]T cross-link that results in poor UvrB–

adduct interaction remains to be investigated in the future. However, it is reasonable to 

speculate that the chemical structure and conformation of the lesion-containing mono- (in 

AAF) or binucleotide (in the cross-links) play a role in the stability of the UvrB–DNA 

complex. As compared to T[6,4]T, which is very rigid and induces a series of changes in 

sugar pucker and torsion angles (30, 31), the G[8,5-Me]T cross-link incurs little structural 

changes in DNA. In addition, hydrophobicity is believed to be an important property 

recognized by UvrB (13, 21), and evidently, as compared to the AAF adduct, G[8,5-Me]T is 

much less hydrophobic. Thermal melting experiments with DNA containing a G[8,5]C 

cross-link, a lesion structurally similar to G[8,5-Me]T, showed that it induces only modest 

destabilization of the DNA duplex similar to 8-oxoguanine or thymine glycol (5). A 

preliminary modeling study of G[8,5-Me]T in duplex form showed that, unlike the T[6,4]T 

and the AAF adduct, all of the hydrogen bonds of the guanine and the thymine of G[8,5-

Me]T can be maintained, even though a kink in the helix axis was unavoidable (Figure 8). 

Studies are ongoing to address some of the structural issues of this cross-link. However, the 

fact that G[8,5-Me]T cross-link was much more resistant to UvrABC incisions and thus to 

NER as compared to the two other lesions studied here implies that this type of DNA 

damage would probably persist longer in E. coli cells.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Protein purification and structures of DNA substrates used in this study. (A) Purified 

UvrABCs as analyzed on a 8% SDS–PAGE. (B) Chemical structures of G[8,5-Me]T and 

T[6,4]T intrastrand cross-link and AAF adduct. (C) Sequences of the constructed DNA 

substrates for use. The bolded nucleotides represent the damaged ones. The recognition 

sequences of restriction endonuclease have been underscored.
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Figure 2. 
Reverse phase HPLC profiles of  containing dodecamer (A) before and (B) after 

UV-C radiation for 6 min at 25 °C. HPLC conditions: For panels A and B, Phenomenex 

Ultracarb C18 (7 μm) (250 mm × 4.6 mm) column, 0.1 M ammonium acetate buffer (pH 

6.8) with a gradient of 1–32% acetonitrile in 30 min at a flow rate 1 mL/min.
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Figure 3. 
(A) Reverse phase HPLC analysis of cross-linked 12-mer (peak b in Figure 2) after 

digestion with nuclease P1, bacterial alkaline phosphatase, and phosphodiesterases I and II. 

The inset in panel A shows the absorption spectrum of G[8,5-Me]T. (B) The same 

coinjected with a G[8,5-Me]T dinucleoside monophosphate standard. The oligonucleotide 

(20 μg) was dissolved in 100 μL of aqueous solution containing 50 mM sodium acetate, 30 

mM sodium chloride, and 1.0 mM zinc sulfate (pH 4.5) and treated with 2 U of nuclease P1 

and 0.03 U of phosphodiesterase II. The reaction mixture was incubated at 37 °C for 12 h 

and at room temperature for another 12 h. It was then dried and redissolved in 60 μL of Tris-

HCl (500 mM, pH 8.5). The solution was then treated with 40 U of bacterial alkaline 

phosphatase and 0.1 U of phosphodiesterase I. The digestion mixture was again incubated at 

37 °C for 12 h and at room temperature for another 12 h. It was concentrated in vacuo, 

redissolved in 100 μL of water, and extracted with chloroform (3×). The aqueous layer was 

dried and redissolved in water, and an aliquot was injected into HPLC for analysis. HPLC 

conditions: Ultracarb C18 (5 μm) (250 mm × 4.6 mm) column, 0.1 M ammonium acetate 

buffer (pH 5.5) with a gradient of 1–32% acetonitrile in 15 min at a flow rate of 1 mL/min.
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Figure 4. 
Binding of UvrA to G[8,5-Me]T-51bp, AAF-50bp, and T[6,4]T-49bp substrates. (A) UvrA 

at the concentration specified was incubated at 37 °C for 10 min with 1 nM G[8,5-Me]T 

cross-link-51bp, AAF-50bp, or T[6,4]T cross-link-49bp substrate in UvrABC binding buffer 

and then analyzed on a 3.5% polyacrylamide native gel by gel mobility shift assays. (B) The 

binding isotherms generated from the titration data in panel A.
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Figure 5. 
Incision of AAF-50bp, T[6,4]T-49bp, and G[8,5-Me]T-51bp substrates by UvrABC 

nuclease. Panel A shows the incision of the G[8,5-Me]T substrate that was internally labeled 

with 32P at the 5th nucleotide 5′ to the cross-linked site. Panel B shows the incisions of the 

T[6,4]T cross-link and AAF adduct-containing substrates that were 5′-terminally labeled 

with 32P. In both panels A and B, the DNA substrates were incubated with UvrABC proteins 

in the UvrABC buffer in the presence of 1 mM ATP at 37 °C for the periods as indicated. 

The reaction products were analyzed on a 12% urea PAGE under denaturing conditions. (C) 

Kinetics of UvrABC incisions of DNA substrates.
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Figure 6. 
Incision of AAF-, T[6,4]T-, and G[8,5-Me]T-DNA bubble substrates by UvrABC nuclease. 

The DNA substrates were incubated with UvrABC proteins in the UvrABC buffer in the 

presence of 1 mM ATP at 37 °C for the periods as indicated. The reaction products were 

analyzed on a 12% urea PAGE under denaturing conditions. All substrates were 5′-

terminally labeled with 32P.
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Figure 7. 
Binding of UvrA and UvrB to G[8,5-Me]T-51bp, AAF-50bp, and T[6,4]T-49bp substrates. 

UvrA and UvrB at concentrations specified were incubated at 37 °C for 30 min with 1 nM 

DNA G[8,5-Me]T cross-link-51bp, AAF-50bp, or T[6,4]T cross-link-49bp substrate in 

UvrABC binding buffer containing 1 mM ATP. The products were analyzed on a 6% 

polyacrylamide native gel in the presence of 1 mM ATP.
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Figure 8. 
Left and right panels show the unmodified 5′-GT-3′ and 5′-G[8,5-Me]T-3′ models, 

respectively, in duplex form. The duplexes were built using the average values of torsion 

angles and atomic distances of the B-DNA. Because the counterions near the phosphate 

group of sugar–phosphate backbone are believed to have little effect on the structure of 

DNA, no counterions have been used in constructing the model complexes. PM3 method 

was used for the energy optimizations. The solvent effect was not considered in the 

calculations.
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Table 1

Equilibrium Dissociation Constants for UvrA Binding to Different Damaged Substrates and Initial Rates of 

UvrABC Incisions of DNA Substrates at 37 °Ca

substrate Kd (nM) initial incision rate (fmol/min)

G[8,5-Me]T-51bp 3.1 ± 1.3 0.17 ± 0.02

T[6,4]T-49bp 2.8 ± 0.9 1.34 ± 0.16

AAF-50bp 8.2 ± 1.9 0.53 ± 0.03

a
Data represent the means ± SD of at least three independent experiments. The dissociation constants were determined for UvrA dimer unless 

otherwise indicated.
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