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Abstract
Nucleotide excision repair (NER) is an important prokaryotic and eukaryotic defense mechanism
that removes a large variety of structurally distinct lesions in cellular DNA. While the proteins
involved are completely different, the mode of action of these two repair systems is similar,
involving a cut-and-patch mechanism in which an oligonucleotide sequence containing the lesion
is excised. The prokaryotic and eukaryotic NER damage-recognition factors have common
structural features of β-hairpin intrusion between the two DNA strands at the site of the lesion. In
the present study, we explored the hypothesis that this common β-hairpin intrusion motif is
mirrored in parallel NER incision efficiencies in the two systems. We have utilized human HeLa
cell extracts and the prokaryotic UvrABC proteins to determine their relative NER incision
efficiencies. We report here comparisons of relative NER efficiencies with a set of stereoisomeric
DNA lesions derived from metabolites of benzo[a]pyrene and equine estrogens in different
sequence contexts, utilizing 21 samples. We found a general qualitative trend towards similar
relative NER incision efficiencies for ~ 65% of these substrates; the other cases deviate mostly by
~ 30% or less from a perfect correlation, although several more distant outliers are also evident.
This resemblance is consistent with the hypothesis that lesion recognition through β-hairpin
insertion, a common feature of the two systems, is facilitated by local thermodynamic
destabilization induced by the lesions in both cases. In the case of the UvrABC system, varying
the nature of the UvrC endonuclease, while maintaining the same UvrA/B proteins, can markedly
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affect the relative incision efficiencies. These observations suggest that, in addition to recognition
involving the initial modified duplexes, downstream events involving UvrC can also play a role in
distinguishing and processing different lesions in prokaryotic NER.
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1. Introduction
1.1 Overview

Nucleotide excision repair (NER) is important for recognition and removal of a large variety
of structurally and chemically distinct DNA lesions in prokaryotic [1] and eukaryotic [2]
organisms. While the proteins involved share little sequence homology, the mode of action
of this repair system in all branches of life is similar in many respects. Since a large range of
substrates are removed by both NER systems, it is widely accepted that the recognition
process involves the sensing of the structural distortions/destabilizations in the DNA duplex
caused by bulky lesions, rather than the lesions themselves. While NER can remove a large
variety of DNA lesions, the DNA repair capacity, or efficiency, can vary by two orders of
magnitude or more, depending on the lesion [2–5]. The chemical structures of the DNA
lesions, the base sequence contexts in which the lesions are embedded, as well as their
stereochemical properties can affect the DNA repair efficiencies catalyzed by prokaryotic
[6–12] and eukaryotic [4, 5, 13–16] repair systems. While the importance of these factors on
NER efficiencies is well documented, the exact molecular origins underlying these
differences are still not well understood [17].

Recently, crystal structures of several prokaryotic and eukaryotic NER proteins that
recognize and bind to DNA lesions have provided important new insights into the structural
features that have an impact on lesion-removal by the two NER systems [16, 18–26] (see
also review by Fuss and Tainer in this issue of DNA Repair). Furthermore, we have
accumulated a substantial library of NER substrates consisting of structurally defined DNA
lesions positioned in similar or different oligonucleotide sequence contexts. These substrates
provide unique opportunities for investigating the relationships between the chemical
structures of the lesions and the impact of base sequence context effects on their recognition
and processing by eukaryotic and prokaryotic NER systems.

These two NER systems (e.g., [1, 2, 27, 28]) share common overall features that include: (1)
the initial steps involve the recognition of the local distortions/destabilizations caused by the
lesions, rather than the lesions themselves, thus allowing for the processing of a large range
of structurally unrelated DNA lesions; (2) the damaged strand is incised by endonucleases
on both sides of the lesions, thus removing entire oligonucleotide sequences containing the
damage rather than just the lesions; (3) recently published crystal structures suggest that one
of the recognition steps in prokaryotic [20, 25, 28] and eukaryotic [23, 25, 28] NER systems
involves the insertion of a β-hairpin between the two DNA strands in the immediate vicinity
of the lesion. These structural findings are particularly intriguing because they suggest that
thermodynamic destabilization of the native B-DNA structure can play an important role
[29, 30] in the recognition of DNA lesions in both NER systems, a concept that had been
previously proposed [4, 31–33].

In recent years, we have accumulated a body of results on the relationships between the
structural properties of DNA lesions and incision efficiencies of prokaryotic and eukaryotic
NER systems [9, 17, 34, 35]. Here, we examine the similarities and differences in the
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processing of bulky DNA lesions by prokaryotic UvrABC NER proteins and the human
NER apparatus in vitro. In both cases, the formation of excision products is a result of a
complex series of steps that include the critical initial recognition step. Our hypothesis is
that the ease of insertion of a β-hairpin into the duplex in the vicinity of a lesion plays an
important role in the recognition step in both eukaryotic and prokaryotic NER.

In this article, we first consider some of the key features of these NER systems on which this
hypothesis is based. We then compare the relative efficiencies of incision of a series of DNA
substrates catalyzed by prokaryotic UvrABC proteins or by the eukaryotic NER system in
HeLa cell extracts in vitro. Our studies are focused on two different types of bulky
stereoisomeric DNA lesions that are under study in our laboratories. The first type is derived
from the reactions of a diol epoxide derivative of benzo[a]pyrene (BP) to DNA [14, 36], and
the second is derived from the binding of 4-hydroxyequilenin (4-OHEN), a reactive
metabolite of the equine estrogens equilin and equilenin. Both equine estrogens are
important components of the hormone replacement therapy preparation Premarin© [37]. The
catechol 4-OHEN forms a variety of pre-mutagenic DNA lesions that are suspected to
contribute to human cancers by genotoxic pathways [38]. Because of the potential
importance of these equine estrogen DNA lesions, we have been interested in their structural
properties [39, 40], as well as their response to nucleotide excision repair systems [41, 42].

1.2 Functional and structural characteristics of prokaryotic and eukaryotic NER:
similarities and differences

1.2.1. Overview of NER lesion-recognition—It is generally accepted that the
recognition and subsequent processing of DNA lesions by NER occur via a two-step
process. The first is the recognition of the lesion, and the second is a verification step that
ensures that a lesion is actually present (see also review by Naegeli and Sugasawa in this
issue of DNA Repair). Remarkable insights into the molecular bases of these recognition
phenomena have been obtained from the crystal structures of the key prokaryotic UvrA [20,
43, 44], UvrB [25], UvrC [21, 45], and eukaryotic [23, 24] DNA damage-sensing proteins
that initiate NER by binding to the sites of the DNA lesions.

In prokaryotic cells, three proteins, UvrA, UvrB, and UvrC are needed to generate the dual
incisions on the two sides of the lesion that generate the 12–13-mer excision products. The
distortions/destabilizations caused by the lesion are first recognized by a dimer of UvrA that
binds to the damaged site in the form of a UvrA2UvrB2 complex [46]. In an ATP-driven
mechanism, the UvrA dimer then dissociates and the UvrB – DNA complex is stabilized by
the insertion of a β-hairpin between the two strands in the vicinity of the lesion (Figure 1A).
In this damage verification step [28], the local destabilization of the duplex at the site of the
damage most likely facilitates the insertion of the UvrB β-hairpin (see also Section 1.2.2). If
the latter fails to insert between the two strands, as might be the case in the absence of a
lesion, the UvrAUvrB dissociates from the DNA [6, 33]. The stable binding of UvrB to
damaged DNA stimulates the activity of its ATPase, which is essential for the recruitment of
the endonuclease UvrC by this pre-incision complex [28]. The hydrolysis of one
phosphodiester bond on the 3'-side and another on the 5'-side of the lesion results in the 12–
13-mer dual incision products.

In the case of the mammalian NER pathway, the presence of the helix-distorting/
destabilizing lesion is sensed by the XPC-RAD23B heteroprotein complex that opens a ~ 6-
base pair sequence, as shown with duplexes containing a cisplatin [47] or a bulky BP diol
epoxide-N2-dG adduct [36]. This complex initiates the recruitment of other NER factors to
the site of the lesion, starting with the multi-protein TFIIH complex which contains the
helicases XPB [18] and XPD [19, 22, 26]; the latter induce the unwinding of a 20 – 25
nucleotide-long region around the lesion [48, 49].
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1.2.2 Crystal structures: shared feature of β-hairpin insertion—A crystal
structure of a complex of the B. caldotenax (Bca) UvrB bound to double-stranded damaged
DNA has been solved [25]. In this structure, one DNA strand, containing a 3' overhang,
threads behind a β-hairpin motif of UvrB, indicating that this hairpin is inserted between the
strands of the double helix, while the nucleotides directly behind the β-hairpin are flipped
out and inserted into a small, highly conserved pocket in UvrB. Molecular modeling and
molecular dynamics simulations have been utilized to complete the DNA structure and to
include a BP-derived lesion (Figure 1A) [35].

Although a crystal structure of an XPC-RAD23B complex containing damaged DNA
complex is not yet available, the X-ray crystallographic structure of a truncated form of the
yeast S. cerevisiae Rad4/Rad23 homologue of the mammalian XPC-RAD23B in a complex
with an oligonucleotide containing a cyclobutane pyrimidine dimer (CPD) lesion has been
determined [23]. There are three β-hairpin domains in the Rad4 protein (BHD1, BHD2, and
BHD3). While BHD1 binds non-specifically to an unmodified 11-mer sequence on the 3'-
side of the CPD lesion, BHD2 and BHD3 are in contact with the DNA in the vicinity of the
lesion, although not in direct contact with the CPD. The BHD3 β-hairpin is inserted into the
DNA helix, thus separating the lesion from the unmodified strand. The structure shows that
this β-hairpin assumes a role similar to the one in the UvrB-damaged DNA complex [25]: it
is inserted between the two strands of the DNA duplex and thus assists in the stabilization of
the complex. The CPD lesion is positioned in a disordered region of the crystal without any
visible contacts with the protein; however, the two mismatched and flipped out thymine
bases in the complementary strand opposite the CPD lesion interact with the protein; one
thymine interacts with BHD3 and the second with both BHD2 and BHD3 (Figure 1B) [23].
Recently, fluorescence-based imaging techniques have been employed to deduce that the β-
hairpin facilitates the mobility of XPC as it scans for DNA damage [50].

1.2.3 A common structural theme of lesion recognition—It is remarkable that the
insertion of a β-hairpin between the two strands of DNA at or near the site of the lesion is
common to both prokaryotic and eukaryotic NER systems even though the proteins do not
share a common fold. The insertion of β-hairpins between the lesion-containing and
undamaged complementary strand should be more facile in the case of lesions that cause
significant local destabilization of DNA duplexes, and more difficult in the case of lesions
that do not (see also review by Fuss and Tainer in this issue of DNA Repair). These
considerations suggest that the thermodynamic properties of the lesions are in some way
correlated with NER efficiencies in both systems [29, 30]. In order to test this hypothesis we
have analyzed a series of defined substrates by the prokaryotic and eukaryotic NER systems.

2. Materials and methods
2.1 Prokaryotic NER proteins

In all experiments with UvrABC proteins, UvrA and UvrB were from Bacillus caldotenax,
while UvrC subunits were either from B. caldotenax (UvrCBca), Thermatogamaritima
(UvrCTma), or from E. coli (UvrCCho). In a few experiments, all three UvrABC proteins
were from E. coli. The UvrABca and UvrBBca, as well as all of the UvrC proteins, were
overexpressed in E. coli cells and purified as described by Jiang et al. [51].

2.2 DNA substrates
The site-specifically modified single-stranded oligonucleotides (the upper strands shown in
Figure 2) were synthesized by reacting (±)-r7,t8-dihydroxy-t9,10-epoxy-7,8,9,10-
tetrahydrobenzo[a]pyrene (BPDE) with oligonucleotides I, III - V, as described by Pirogov
et al. [52] and by Mao et al. [53]. The 4-hydroxyequilenin (4-OHEN)-modified sequences I,
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VI and VII were synthesized as described [39]. The 135-mer duplexes (See Supporting
Information Scheme 1), containing the lesions at or near the center of these duplexes, were
synthesized by the annealing and ligation methods described in detail elsewhere [15].

2.3 UvrABC and mammalian cell extract incision assays
Aliquots of the UvrA, UvrB, and UvrC stock solutions were stored at −20 °C. Before use,
the enzymes were diluted with x1 UvrABC buffer (50 mM Tris-HCl at pH 7.5, 10 mM
MgCl2, 50 mM KCl, 5 mM dithiothreitol, and 1 mM ATP) to the desired concentrations.
The buffer and enzymes were kept at 0 °C during the dilution. The diluted enzymes were
then preheated to 55 °C and were kept at that temperature for 5 min in order to inactivate
possible E. coli contaminant nucleases. The concentrations employed in the incision assays
were 25 nM UvrA, 40 nM UvrB, and 50 nM UvrC. The concentration of oligonucleotide
duplex substrates was 2 nM. The incision assays were carried out in 40 μL reaction volumes
containing 4 μL of ×10 UvrABC buffer, 6 μL of the diluted UvrA, UvrB, and UvrC
solutions and DNA substrates. The reactions were terminated by adding 3 μL of a stop
buffer solution (20 mM EDTA, 95% formamide, 0.05% bromophenol blue and 0.05%
xylene cyanol) to 6 μL aliquots of the reaction mixture taken out at selected time intervals.
The solutions were then heated at 90 °C for 3 minutes, then quickly placed on ice, and
loaded into a 15% denaturing polyacrylamide gel (19:1). The gel was operated for 2 hours at
45–50 °C in 1 × tris-borate-EDTA (TBE) buffer (89 mM Tris, 89 mM boric acid, 10 mM
EDTA, pH 8.4). Upon completion of the gel electrophoresis experiments, the gel was dried
and exposed to an imaging screen in a Molecular Dynamics Storm 840 PhosphorImager.
The relative radioactivities of the bands were evaluated using Image Quant software.

The eukaryotic NER incision efficiencies were determined in HeLa cell extracts as
described earlier [15]. The cell extracts were prepared by standard methods [54], and the
fraction of 135-mer duplexes that were incised were determined by measuring the amounts
of oligonucleotide incision products 24 – 32 nucleotides in length. The sources of the data
presented below are cited within the individual figure captions.

3. Results and discussion
3.1 Overview of experimental studies

In this study, the incision efficiencies of the same substrates catalyzed by UvrABC proteins
and human NER proteins in vitro were evaluated separately. The stereochemical properties
of the DNA lesions and the sequence contexts utilized are summarized in Figure 2, while
selected NMR solution structures of the adducts investigated are shown in Figure 3. In all of
these experiments, the UvrA and UvrB subunits were from B. caldotenax, while the UvrC
subunits were either from B. caldotenax, Thermatoga maritima, or E. coli (UvrCBca,
UvrCTma, and UvrCCho, respectively). Cho is a UvrC homolog of E. Coli as first reported by
Moolenar et al. [55]. As demonstrated by Jiang et al., UvrCBca incises the damaged strands
only on the 5'-side of the lesion, UvrCTma incises the damaged strands on both sides [51],
and the UvrCCho incisions occur only at the ninth phosphodiester bond on the 3'-side of the
lesion, some four nucleotides further away than the normal 3'-incision sites catalyzed by E.
coli UvrC. It was suggested that Cho acts as a backup nuclease for NER acting on very
bulky substrates that block the 3′ incision site of UvrC [55]. Furthermore since the Tma and
Bca proteins are thermostable, they can be used at different temperatures to probe the effects
of DNA duplex stability on DNA damage recognition. In order to compare the relative
incision rates of different substrates, we assigned the same value of 100 for one of the
substrates incised both in HeLa cell extracts and in UvrABC incubation experiments. The
incision rates of other substrates are expressed relative to this standard substrate in the series
of bar graphs described below.
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3.2 Effects of BP-dG adduct stereochemistry in full duplexes I and deletion duplexes II
(Del)

3.2.1. Repair efficiencies in HeLa cell extracts—The efficiency of repair of the BP-
dG adducts by the human NER system in duplexes I and II (Del) was first reported by Hess
et al. [56]. The (+)-cis and (+)-trans adducts differ from one another only by the absolute
configuration of substituents about the C10 carbon atom (Figure 2), but the NER efficiency
of the (+)-cis adduct is ~ 5 times greater than that of the (+)-trans adduct [36]. This
difference has been attributed to the greater disruption of base pairing in the base-displaced/
intercalated (+)-cis adduct, and the smaller extent of structural disruption caused by the
minor groove (+)-trans adduct (Figure 3) [36]. Removing the cytidine opposite these
stereoisomeric lesions almost completely abolishes the repair of both these BP-dG adducts
in II (Del) duplexes in HeLa cell extracts ([56] and present study). Here, we also examined
whether similar effects occur in the case of prokaryotic NER proteins in vitro (Figure 4A).

3.2.2. Repair efficiencies in the UvrABC system relative to human HeLa cell
extracts—The kinetics of dual incisions of the same (+)-cis- and (+)-trans-BP-dG lesions
in identical 135-mer DNA sequences (See Supporting Information Scheme 1) catalyzed by
prokaryotic UvrABcaBBcaCTma proteins at 55 °C are depicted in Figure 4. A typical gel is
shown in Figure 4A, and the densitometric analyses of these gel autoradiograms yields the
kinetic incision curves shown in Figure 4B. The initial rates, deduced from the initial linear
portions of these kinetic curves, are compared in Figure 5A. In this bar graph, the initial
incision rate of the cis-BP-dG adduct in duplex I was assigned a value of 100. The relative
incision rate of the stereoisomeric trans adduct is 20 ± 5% on this scale in HeLa cell extracts
[36], and 54 ± 4% in the case of UvrABcaBBcaCTma. Thus, the ratios of initial incision rates
are larger in the case of the cis-BP-dG than the trans-BP-dG adduct in duplex I in both
cases, but the cis-BP-dG/trans-BP-dG ratios are different: ~ 5 in HeLa cell extracts and ~
1.8 in the case of UvrABC. We note that Zou et al. reported a cis-BP-dG/trans-BP-dG ratio
of ~ 2 for the same lesions embedded in 50-mer duplexes with NER assays carried out at 37
°C catalyzed by UvrABC proteins entirely from E. coli [10]. Jiang et al. [51] also studied the
repair of the same lesions in 50-mer duplexes, but catalyzed by UvrABca, UvrBBca, and
UvrCTma, and reported ratios of 1.4 – 1.6. All of these values are close to the value for the
cis-BP-dG/trans-BP-dG ratio reported here (Figure 5A).

In the II (Del) duplexes, the human NER activity is completely abolished, while with
UvrABcaBBcaCTma, it is significantly reduced relative to the respective values observed for
the cis-and trans-BP-dG adducts in full duplexes I. Overall, in these examples, the relative
activities of the human and prokaryotic NER systems in the full (I) and deletion duplexes II
(Del) resemble one another qualitatively, but without being directly proportional.

3.2.3. Impact of adduct conformation—The (+)-cis-BP-dG adducts with the base-
displaced intercalative conformation are better substrates than the stereoisomeric minor
groove (+)-trans-adducts in both NER systems [10, 36, 56], although the difference is larger
in HeLa cell extracts. For the II (Del) duplexes, the incision efficiencies relative to the same
lesions in the full duplex I are reduced by a factor of ≥ 100 in the (+)-cis-adduct, and by a
factor of ~ 10 in the (+)-trans-BP-dG adduct [56]. In contrast, in UvrABcaBBcaCTma

experiments, significant levels of incisions of the cis- and trans-BP-dG adducts in II (Del)
duplexes are observed although at lower levels than in the full cis- and trans-BP-dG (I)
duplexes (Figure 5A). The UvrABcaBBcaCTma experiments were conducted at 55 °C, an
optimal temperature for the thermophilic proteins [51]. This incubation temperature is below
the melting points of the modified duplexes; spectroscopic experiments indicate that the
overall adduct conformations are preserved in oligonucleotide duplexes ~ 43 nucleotide base
pairs in length below their melting points of 75 – 80 °C [9].
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3.2.4. Comparison of incision efficiencies with thermal stabilities of different
DNA duplex substrates—Insights into the repair-resistance of the deletion duplexes
have been obtained from thermal melting points (Tm), the temperature that corresponds to
the dissociation of 50 % of the DNA duplexes into separate strands (Table 1), and NMR and
computational molecular dynamics studies. The Tm of the (+)-trans-BP-dG II (Del) duplex
(Figure 2) is + 6 °C higher than the Tm of the modified full duplex I, even though the II
(Del) duplex is missing the nucleotide C opposite the lesion. However, the analogous
increase is strikingly larger, + 19 °C, in the case of the (+)-cis-BP-dG II (Del) relative to the
unmodified II (Del) duplex. Structurally, the (+)-cis-BP-dG-modified full duplex I and the
deletion duplex II (Del) adopt base-displaced/intercalated conformations [57, 58], although
with opposite orientations of the pyrenyl ring system as it protrudes through the helix
(Figure 3). In the II (Del) duplex the stacking interactions between the two guanines
surrounding the deletion site and the BP pyrenyl ring system are more favorable than in the
full duplex I. According to recent molecular dynamics analyses [16], these enhanced
stacking interactions result from the collapse of the two guanines upon each other, due to the
absence of the nucleotide between them (Figures 2A and 3) [58]; consequently, the
separation of the two strands at the site of modification should be energetically more costly
and thus affect the overall incision efficiency if recognition is a key step, as we assume here.
Furthermore, two bases opposite the lesion in the complementary strand probably assist in
stabilizing the modified DNA –XPC complex [23] and the absence of one of these
nucleotides may diminish the stability of this complex and contribute to the observed lack of
incisions observed in the cis-BP-dG II (Del) duplex. The absence of the partner base
opposite the modified nucleotide also may diminish the binding of the XPC-RAD23B
recognition factor to the lesion site. In the case of the (+)-trans-BP-dG adduct in duplex II
(Del), there is a major structural rearrangement compared to the full duplex, since the minor
groove-alignment of the BP moiety (with Watson-Crick base pairing being intact in the full
duplex) changes to a base-displaced/intercalated conformation in the II (Del) duplex (Figure
3). Therefore, similar structural effects may account for the lower incision efficiencies
observed in the case of the trans-BP-dG II (Del) duplex as for the cis II (Del) case (Figures
4 and 5).

3.3. Effects of flanking bases
3.3.1 (+)-trans-BP-dG lesions in full duplexes III (CG6C) and IV (TG6T)—The
relative NER efficiencies in HeLa cell extracts of identical trans-BP-dG lesions flanked
either by C or by T on both sides, with all other bases in the 135-mer duplexes remaining
unchanged, were reported earlier [34]. The initial rates of incisions in HeLa cell extracts
were found to be 1.5 ± 0.2 greater in the sequence context of duplex IV than in duplex III. In
NER experiments using prokaryotic UvrABcaBBcaCTma proteins, the ratio was reported to be
2.3 ± 0.3 at 37 °C and 1.7 ± 0.4 at 55 °C. This loss of discrimination at the higher
temperature is believed be due to the increased dynamic conformational flexibility at the
lesion site at 55 °C; this has a greater impact in the more rigid CG6C sequence context of
duplex III than on the more flexible TG6T sequence context of duplex IV [59]. In the case of
E. coli UvrAE.coliUvrBE.coliUvrCE.coli, however, the ratio at 37 °C was smaller (1.7 ± 0.1) in
E. coli UvrABC incision experiments [9]. The relative incision rates catalyzed by human
and prokaryotic repair factors are compared in Figure 5B. The TG6T (IV) duplex rates were
assigned a value of 100. The relative incision rates of the CG6C-IV duplexes are 65 ± 9%
and 44 ± 6 % in HeLa cell extracts and UvrABcaBBcaCBca NER experiments, respectively.
Again, there is a similar pattern in the human and prokaryotic relative incision rates even
though the relative values for the CG6C (III) duplexes catalyzed by UvrCBca are lower than
in human cell extracts.
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3.3.2 (+)-trans-BP-dG lesions in full duplexes V (CG6G vs. GG7C) and I (CG6C)
—The relative rates of incisions catalyzed by human or UvrABca BBcaCBca NER proteins
(55 °C) of the trans-BP-dG adducts in the sequence contexts CG6G (V), GG7C (V), and
CG6C (I) in duplexes V and I, respectively, are compared in Fig. 5C. In human cell extracts,
the ratio of initial repair rates for trans-BP-dG6 (V) / trans-BP-dG7 (V) is 2.4 ± 0.3 [15], and
for the trans-BP-dG6 (V) / trans-BP-dG6 (I) case, it is 4.1 ± 0.3. In Figure 5C, the value of
100 was assigned to the CG6G (V) substrate. The relative incision rates for the three
duplexes, CG6G (V) : GG7C (V) : CG6C (I) are 100 : 42 : 24 in HeLa cell extracts and 100 :
58 : 37 in the case of UvrABcaBBcaCBca (55 °C). Again, the trends are similar in both
systems, but the incision efficiencies appear to be somewhat more sensitive to sequence
context in the case of the human than the prokaryotic repair systems. The differences in
repair efficiencies in these three duplexes can be rationalized in terms of their structural
features. An in depth NMR analysis of the sequence-dependence of the imino proton
linewidths of the 11-mer CG6G (V) duplex as a function of temperature, demonstrates that
the Watson-Crick hydrogen bonding of the 5'-base pair adjacent to G6 in the 11-mer CG6G
(V) duplex is strongly destabilized; however, in the GG7C (V) duplex, Watson-Crick
hydrogen bonding is much less disturbed even though a flexible kink at the site of the lesion
of this duplex has been identified [15, 60]. The greater NER efficiency of the CG6G (V)
duplex relative to the GG7C (V) duplex has therefore been attributed to its greater local
thermodynamic destabilization, stemming from the dynamic, episodic rupturing of the 5'-
side base pair adjacent to the lesion at G6 [13, 15]. The CG6C (I) duplex appears to be the
least structurally distorted [61]: all Watson-Crick hydrogen bonds are intact in this minor
groove adduct (Figure 3) and the bend associated with the lesion is rigid rather than flexible
[34].

3.4. Incision efficiencies associated with trans-BP-dG lesions are influenced by UvrC
downstream effects

3.4.1. Lesion-recognition versus verification—The binding of a variety of proteins to
double-stranded DNA often leads to significant local distortions of the B-DNA double helix
(e.g., [62]). These distortions are frequently determined by intrinsic sequence-governed
structural parameters of the DNA duplexes [63–65]. The UvrB protein-DNA interaction
falls into this pattern since complex formation involves the separation of base pairs near the
site of the lesion which is sequence-dependent [66]. Once the β-hairpin has been inserted
and the protein-DNA complex has been stabilized as part of the recognition step[28], the
DNA is no longer double stranded and the thermodynamic properties of the duplex should
be no longer relevant to the further processing of the lesion. Our assumption is therefore that
any correlation between the structural features of lesions in double-stranded DNA and NER
efficiencies most likely occur at the recognition step, involving XPC-RAD23B in human
and UvrA and UvrB in prokaryotic NER. The predominance of the recognition step in
determining incision efficiencies is illustrated by the example of the cis-BP-dG adduct in the
base-displaced intercalated full and deletion duplexes I and II(Del), respectively. In the full
duplex I, the NER efficiency is robust when catalyzed by either the human [56] or by
UvrABC [10] NER systems. While the overall adduct conformation is similar in the II (Del)
duplex, the incision efficiency in human cell extracts is abolished [56] and considerably
diminished in the UvrABC system (Figure 4). Since the lesion is identical in both the full
duplex I and the II (Del) duplex, it is unlikely that the post-recognition verification step,
perhaps involving helicase activity, could be very different. Instead, the striking difference
in NER efficiencies points to the initial recognition step. As discussed, the enhanced BP-
DNA Van der Waals base stacking interactions in the cis-BP-dG II (Del) may prevent the β-
hairpin from invading the helix at the site of the lesion [16].
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3.4.2. The effects of different UvrC proteins on incision efficiencies catalyzed
by UvrABcaUvrBBcaUvrC protein system—While initial damage recognition is
critically important, here we find that the nature of the prokaryotic endonuclease UvrC can
also influence the overall efficiencies of incisions. In Figure 6, we compare the effects of
temperature and different UvrC proteins (UvrCBca, UvrCTma and UvrCCho) on the incision
ratios of the trans-BP-dG adduct in the CG6G (V) and GG7C (V) duplexes. The HeLa cell
extract experiments are again shown for reference and, as in Figure 6, the incision rates
observed for the CG6G (V) duplex were assigned a value of 100 with the HeLa extract and
the UvrCBca experiments. However, the value of 100 was assigned to the GG7C (V) duplex
in the UvrCTma and UvrCCho experiments because this duplex is incised with greater
efficiency than the CG6G (V) duplex. The relative incision ratios of the CG6G (V) and
GG7C (V) duplexes catalyzed by UvrABcaBBcaCBca at 37 °C and 55 °C are similar, within
experimental error (Figure 6). However, for UvrABcaBBcaCTma at 37 °C, the trans-BP-dG6 /
trans-BP-dG7 ratio is close to unity (experiments at 55 °C were not conducted in this case).
Interestingly, when the same substrates are incubated with UvrABcaBBcaCCho at 37 °C, the
trans-BP-dG6-V / trans-BP-dG7-V ratio is reversed and is 0.46 ± 0.05. This set of
experiments clearly indicates that the bacterial species and therefore the nature of UvrC
contributes to the recognition and processing of lesions that are identical, but positioned in
different sequence contexts. Thus, the combination of UvrA and UvrB proteins binding to
the sites of the lesions, does not alone determine the overall incision efficiencies. The stable
binding of UvrB to damaged DNA stimulates the activity of its ATPase, which is essential
for the recruitment of the endonuclease UvrC by this pre-incision complex [28]; we
speculate that the positioning of UvrC on the UvrB-DNA complex depends on the chemical
and/or stereochemical features of the lesion itself and its base sequence context; these
factors may govern the dynamic aspects of the UvrB-DNA complex interactions with UvrC.
Thus, a downstream effect involving UvrC, when the damaged DNA sequence is in the
strand-separated form in the UvrB complex, appears also to be important in processing the
lesions and governing incision efficiencies.

3.5 NER efficiencies of 4-hydroxyequilenin - dC and dA adducts in duplexes I, VI and VII
3.5.1. Adduct origins and importance—The reactions of 4-OHEN with nucleotides or
DNA generates two minor and two major stereoisomeric dC, dA and minor proportions of
dG adducts in vitro [38, 39]. Such adducts have been found also in rodent [67], and human
tissues [68]. Recently, the existence of 4-OHEN-dC/dA adducts in human cells exposed to
4-OHEN [69] has been reported.

3.5.2 Structural and thermodynamic properties—We investigated the set of 4-
OHEN-dC and -dA adducts (Figure 2) because they thermodynamically destabilize double-
stranded DNA much more extensively than the cis- and trans-BP-dG lesions (Table 1). A
common feature of 4-OHEN-dC and -dA adducts is their obstructed Watson-Crick hydrogen
bond edge, so base pairing at the lesion site is impossible. The duplexes with 4-OHEN-
derived adducts therefore exhibit significantly lower Tm values than the BP-dG adducts
(Table 1). Another feature of these equine estrogen-derived adducts is that (−)-SRR and (+)-
RSS stereoisomers are oppositely directed along the modified strand [40]. For the dC
adducts in duplex VI (Figure 2A), the NMR solution structures [70] (Figure 3) show that the
equilenin rings protrude through the helix from the minor to the major groove [40]. Here we
synthesized the two major 4-OHEN-dC/dA adducts at the indicated positions in sequences I,
VI and VII with either (−)-SRR or (+)-RSS absolute configurations (Figure 2). The (+) and
(−)-signs indicate the signs of the CD signals measured at 262 nm [40].

3.5.3. 4-OHEN-dC adducts in duplex I—Typical gel autoradiograms showing the
incisions in duplexes I containing stereoisomeric 4-OHEN-dC lesions (5'-end labeled) at
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either positions 5 or 7 catalyzed by E. coli UvrABC proteins at 37 °C are shown in Figure
7A. The course of the incision reactions are depicted in Figure 7B. The initial rates of
incision are determined from the initial linear portions of these plots, and are presented in
terms of the bar graphs shown in Figure 7C. These results, after normalization with respect
to the NER efficiencies of the (+)-RSS-dC5 sample (assigned a value of 100) in each type of
NER experiment, show that the +/-dC5 and +/-dC7 adducts are incised with the same relative
efficiencies in HeLa cell extracts and by the E. coli UvrABC NER apparatus. Identical
results were obtained when the same samples were incubated with UvrABcaBBcaCTma at 55
°C [41]. The incision efficiencies are thus the same in TC6G (I) and GC6T (I) sequence
contexts, and also do not depend on the (−)-SRR or (+)-RSS stereochemistry. Similar results
were also obtained when the same samples were incised by the UvrABcaBBcaCTma proteins
at either 37 °C or at 55 °C, even though the rate of incisions increased by a factor > 10 as the
temperature was raised from the lower to the higher temperature [41].

3.5.4 4-OHEN-dC and –dA adducts in duplexes VI and VII—Nine sequences with
different adducts derived from the reactions of 4-OHEN with either sequence VI or VII and
(−)-SRR or (+)-RSS absolute configurations were synthesized as described [39, 42]. The
adducts were positioned either at positions A4, C6, or A8 in duplex VI, or at A4, A6, or A8 of
duplex VII. The sequence of these duplexes is identical except for the C or A at the central
positions (Figure 2). In designing these experiments, we hypothesized that the duplex VII
(top strand) contains a sequence of five consecutive purines which might render this duplex
less flexible than duplex VI which has runs of only two purines, and that this difference
might affect the NER efficiencies. The initial rates of incisions were measured using
UvrABcaBBcaCTma at 55 °C, and typical autoradiograms are shown in Supporting
Information. These results are summarized in the bar graphs shown in Figure 8. In this
Figure, the (+)-C6-VI adduct served as the reference sample (assigned a value of 100) in
each of the two sets of studies using human cell extracts and UvrABC proteins.

In duplex VI, the relative initial rates obtained with all four adducts are similar in value,
within experimental error, except for the (−)-dA4-VI sample; the latter exhibits a relative
incision rate of ~ 65 % in the human cell extract and ~ 104% in the UvrABC experiments
relative to the standard (the (+)-dC6-VI adduct, Figures 8A and 8B). In duplex VII, relative
to the same standard, the initial UvrABcaBBcaCTma-catalyzed incision rates are significantly
smaller (by up to a factor of ~2) than in human cell extracts in the (+)-dA8-VII and (−)-dA8-
VII samples, about ~ 30% smaller in the (+)-dA4-VII sample, and close to one another for
the (−)-dA4-VII and (−)-dA6-VII adducts (Figures 8C and 8D). Thus, there are about three
4-OHEN-derived samples out of nine that deviate more markedly in the two repair systems.

In duplex VI and VII in HeLa cell extracts, all of the nine substrates exhibit relative incision
values that lie in the range of ~ 60 – 110% (Figures 8A and 8B). In the UvrABC incision
experiments, six adducts exhibit incision rates relative to the same (+)-dC6-VI adduct
standard in the ~ 60 – 100% range, and the other three in the ~ 40 – 50% range (Figures 8C
and 8D). We suggest that the effects of sequence context and stereochemistry may play a
lesser role when the lesions themselves are extremely destabilizing as in the 4-OHEN-
derived adducts (Table 1).

3.6 Overall comparisons of prokaryotic and eukaryotic NER incision efficiencies
In order to obtain an overview of eukaryotic and prokaryotic NER incision efficiencies of
the 21 different substrates collected here, we constructed the plot shown in Figure 9, based
on data reported in Figures 5, 6, 7, and 8 (the single UvrCCho result was omitted). In this
plot, the relative incision efficiencies observed in HeLa cell extracts are plotted on the
horizontal axis, and the relative efficiencies observed in the various UvrABC incision
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experiments are given on the vertical axis for the same adduct. Of course, the incision
efficiency at a particular data point is relative to the same adduct that was assigned a value
of 100 in the eukaryotic and prokaryotic NER experiments, as described in each of the
Figures. Any data point lying on the straight line shown in Figure 9 would indicate a perfect
correlation.

The relative incision efficiencies in HeLa cell extracts and in UvrABC experiments obtained
with twelve 4-OHEN-derived lesions in duplexes I, VI, and VII, taking into account the
error bars, show that only three of the twelve data points (L, P, and G in Figure 9) deviate
significantly from the ideal correlation line. In duplex VII, the pattern of incision rates is,
overall, much less well correlated with the relative incision rates observed in HeLa cell
extracts than in duplex VI.

The BP-dG adducts show reasonable qualitative correlations for all adducts except for point
E; this point represents the relative incision efficiency catalyzed by UvrCTma, and is an
outlier, showing no difference in relative incision rates of …CG6G… (V) and …GG7C…
(V) duplexes (Figure 9). The trans-BP-dG/cis-BP-dG ratios and the relative incision ratios
observed with the trans-BP-dG adduct in different sequence contexts do resemble one
another in the eukaryotic and prokaryotic NER incision experiments, although there are in
some cases better quantitative correlations than in others. For example, with human Hela
cell extracts, in contrast to comparatively robust incision efficiencies in full duplexes I [36,
56], the NER activity is practically abolished in the deletion II (Del) duplexes; significantly
reduced incision activities with the deletion duplexes are also observed in prokaryotic
protein incision experiments. However, the reduction in the II (Del) duplex is not complete,
and the resemblance is therefore qualitative (points A and B in Figure 9). In the prokaryotic
experiments, the incision rates can also depend remarkably on the nature of the UvrC
endonuclease (Figure 6). In general, the prokaryotic repair system seems to be less sensitive
than the human HeLa NER system to changes in adduct stereochemistry, adduct
conformation, and base sequence context effects. In considering all of the adducts studied,
we compute a correlation coefficient of 0.595 for this full data set shown in Figure 9.

A lack of correlation was observed between incision efficiencies catalyzed by human and
E.coli NER systems in the case of acetylaminofluorene-dG adducts at different positions in
the NarI sequence context [8]. The observations of several outliers in our incision
experiments are not surprising. Incision efficiencies are dependent not only on the structural
features of the lesions and the base sequence context, but also on downstream damage
processing events after recognition, such as the nature of the bacterial species from which
UvrC was purified. The structural and functional downstream damage processing steps
leading up to efficient incision in eukaryotes are not understood.

4. Conclusions
On the basis of the 21 substrates investigated here (Figure 9), an overall qualitative
correlation between NER incision efficiencies in human HeLa cell extracts and UvrABC
NER experiments is observable. We find a qualitatively similar pattern in the relative
incision efficiencies in human HeLa cell extracts and UvrABC – catalyzed incision
experiments in vitro, within ± 30% for two thirds of the different substrates studied. For the
BP-dG adducts, the relative incision efficiencies exhibit similar trends for stereoisomeric
cis-and trans-BP-dG adducts. The resemblance of NER efficiencies in human and
prokaryotic repair systems is consistent with the hypothesis that the recognition step of
bulky DNA lesions may involve a common β-hairpin insertion in the eukaryotic XPC-
RAD23B and in the prokaryotic UvrB systems. This step should depend on the ease of
separation of the two strands at or near the lesion site, determined by local thermodynamic
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stabilization/destabilization. The thermodynamic properties of the double-stranded region
containing the lesion depend on the chemical nature of the lesion, including stereochemistry,
topology and physical size, and its sequence context; the impact of these variable factors on
the local DNA structure provide the thermodynamic signal. In this concept, the ease of
insertion of the β-hairpin between the two strands is facilitated by lesions that destabilize the
local region of the duplex, and is hindered by lesions that stabilize the local structure of the
duplex by van der Waals stacking and other types of interactions. Hairpin insertion could be
facilitated by bending and concomitant unwinding [20, 32], either dynamically due to the
lesion or through protein-DNA interactions. As shown in a recent crystal structure [20],
UvrA bends and unwinds the DNA, which would facilitate strand opening and recognition
by UvrB. The stabilization of the opened DNA helix by the repair protein also needs to be
considered. Furthermore, UvrB is believed to interact with the damaged substrate through
base stacking with a tyrosine residue at the base of the beta-hairpin and through a base
flipping event [25], and the yeast homologue of human XPC-RAD23B [23] also utilizes
base-flipping interactions with the protein. Base flipping free energy profiles and repair
susceptibility of damaged DNA are currently under investigation [71].

Finally, it is important to realize that, while it is apparent that certain protein motifs such as
a β-hairpin are common recognition elements in NER proteins from prokaryotes and
eukaryotes, the two systems show remarkable differences. Considering the three orders of
magnitude difference between the genomes, the huge degree of genome compaction of the
eukaryotic genome into chromatin and the different structural organization of chromatin
(transcriptionally active or inactive) within the nucleus of eukaryotes, it is not surprising that
eukaryotes have evolved a more complex NER processing system [72] which involves more
than 30 proteins as compared to just six in bacterial species. It is likely that eukaryotic
chromatin organization of DNA, which is wound around histones in nucleosomes, may
provide additional helical stress in repair-susceptible, destabilizing lesions to promote
damage recognition, while stabilizing repair-resistant lesions can diminish nucleosome
dynamics [78]. Future work on the structure, function, and dynamics of NER proteins, as
well as, the role of chromatin reorganization during repair will give clues to both the
similarities and differences between these two systems. For example, a co-crystal structure
of UvrB bound to a damage site might show structural similarities of damage verification
provided by XPD as part of TFIIH-DNA co-crystal [17]. Current work in our laboratories is
focused on these exciting and fundamental topics of NER.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
(A) Crystal structure of Rad4-Rad23, the yeast homologue of human XPC-RAD23B. (PDB
ID [74]: 2QSG) [23]; The two flipped-out thymines (red) in the unmodified strand are
mismatched with the thymines of the T<>T photodimer, and are within interaction distances
of amino acid residues in Rad4. The β-hairpin loop (marine) is inserted between the two
strands, thus anchoring Rad4 (or XPC) to the site of the damage. (B) Model of UvrB [35]
based on a UvrB-DNA co-crystal structure (PDB ID [74]: 2FDC) [25] with the DNA
extended and a (+)-cis-BP-derived adduct (designated by *) modeled into a conserved
pocket, concealed behind the β-hairpin. Color code: β-hairpin, marine; flipped-out bases,
red. The figures were prepared using the PyMOL Molecular Graphics System [75].
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Figure 2.
(A) Sequence contexts and (B) chemical structures of the DNA adducts studied. Subscripted
numbers designate the positions of the modified nucleotides (only one lesion per
oligonucleotide). In sequences I, VI and VII the labeled adenine and cytosine bases denote
4-OHEN-dA or –dC adducts, respectively. The labeled guanine residues (G6) in sequence I
and II (Del) denote either trans- or cis-BP-dG adducts derived from the reactions of (+)-
anti-BPDE with the single-stranded sequence I. In sequences III, IV and V, G6 denotes the
trans-BP-dG adduct. The abbreviations used for these adducts in the text are shown in
square brackets. The full sequences of the oligonucleotide 135-mers containing the indicated
duplexes used in HeLa cell NER experiments are defined elsewhere [15], and those of the
shorter duplexes used in the UvrABC NER experiments are shown in Supporting
Information.

Liu et al. Page 19

DNA Repair (Amst). Author manuscript; available in PMC 2012 July 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 3.
NMR solution structures of the DNA adducts studied. The trans-BP-dG adduct in the full
duplex (Duplex I) has the pyrenyl ring system positioned in the B-DNA minor groove
directed 5'-along the modified strand with only minor perturbations of Watson-Crick base
pairing [61]. In the cis-BP-dG full duplex I [57] and the deletion duplex [58], the
conformation is base-displaced/intercalated, with the pyrenyl ring system inserted into the
duplex. In the full duplex I, the modified G and its partner C are displaced into the minor
groove and major groove, respectively, and the benzylic ring is directed toward the minor
groove. In the (+)-cis-BP-dG duplex II (Del), the structure is very similar except that the
partner C to the modified G is missing. However, the conformation of the trans-BP-dG
duplex II (Del) differs from that of the full duplex in that it is base-displaced/intercalated,
the modified G is displaced into the major groove, and the benzylic ring is directed toward
the major groove [76]. In the (−)-SRR-4-OHEN-dC and the (+)-RSS-4-OHEN-dC adducts
(Duplexes I and VI), the modified dC is in the anti-glycosidic bond conformation, the
equilenin rings are in the minor groove with the distal rings protruding through the helix to
the major groove; the rings are directed 5' along the modified strand in the case of (−)-
SRR-4-OHEN-dC and 3'-oriented in the case of the (+)-RSS-4-OHEN-dC adduct [70].
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Figure 4.
(A) Autoradiogram of typical incisions catalyzed by UvrABcaBBcaCTma at 55 °C using the
cis- and trans-BP-dG lesions embedded in the sequence contexts of duplexes I or II (Del)
positioned in the middle of otherwise identical 135-mer DNA duplexes; these duplexes
were 32P-endlabeled at the 6th phosphodiester bond on the 5'-side of the adduct. Lane M
shows the migration distances of oligonucleotide markers 8, 10, 12, 14……28, 32
nucleotides in length (the dark band near the middle represents a 20-mer). The dual incision
products migration distance is intermediate between those of the 12 and 14-nucleotide
markers. (B) Kinetics of accumulation of incision products as a function of incubation time.
Time dependence of formation of dual incision products. The average values and standard
deviations are based on seven independent experiments of this type.
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Figure 5.
Comparisons of relative initial incision rates measured in human HeLa cell extracts and
catalyzed by UvrABC proteins. In all cases, one of the substrates was assigned a value of
100, and the initial incision rates of the other substrates are expressed relative to the value of
100. The sources of the data are cited below in each case. (A) Effects of adduct
stereochemistry and conformation: cis- and trans-BP-dG in the full duplexes I and deletion
duplexes II (Del); NER data obtained using HeLa cell extracts and UvrABcaBBcaCTma at 55
°C. The HeLa data is from [36, 56], and the prokaryotic data is from Figure 4. (B) Effects of
base sequence context, …TG6T… vs. …CG6C… with G6 denoting the trans-BP-dG adducts
in duplexes III and IV (UvrABcaBBcaCBca at 37 °C, 43-mer 5'-endlabeled duplexes). The
HeLa data is from [59] and the UvrABC data is from [9]. (C) Effects of base sequence
context (G6 or G7) in …CG6G…, …GG7C…, or …CG6C… in sequence contexts V, V, and
I, respectively, containing trans-BP-dG adducts. The HeLa data are from [15]. The UvrABC
data for UvrABcaBBcaCBca at 55 °C are from Figure S1, Supporting Information (average
and standard deviations from four independent experiments using 54-mer duplexes; the
sequence is shown in Scheme 2).
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Figure 6.
Impact of different UvrC endonucleases on relative initial incision rates catalyzed by
UvrABcaUvrBBcaUvrCBca, UvrABcaUvrBBcaUvrCTma, or UvrABcaUvrBBcaUvrCCho

proteins of trans-BP-dG adducts in duplex V embedded in 5'-endlabeled 54-mer duplexes.
The original data for UvrABcaBBcaCBca and UvrABcaUvrBBcaUvrCCho experiments are
presented in Figures S2 and S3, respectively (Supporting Information), while the
UvrABcaUvrBBcaUvrCTma data is from [77]. The HeLa cell extract results shown are from
Figure 5C.
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Figure 7.
Incisions of stereoisomeric 4-OHEN-dC adducts at either position C5 or C6 in sequence I
embedded in 5'-end-labeled 43-mer duplexes by E.coli UvrABC proteins at 37 °C (the full
sequence is depicted in Scheme 3, Supporting Information). (A) Typical gel autoradiogram.
(B) Incision kinetics. The average values are based on three independent experiments (data
from Chen [41]). The minus and plus signs correspond, respectively, to the (−)-SRR- or the
(+)-RSS-4-OHEN-dC adducts (Figure 2). (C).Comparison of relative initial rates of incisions
of stereoisomeric 4-OHEN-dC6 and 4-OHEN-dC7 adducts in the duplex I sequence context
embedded in either (1) the middle of 135-mer duplexes incubated in HeLa cell extracts
and 32P-internally labeled at the 6th phosphodiester bond on the 5'-side of the adduct, and (2)
in the middle of 5'-endlabeled 43-mer duplexes (See Supporting Information Scheme 2)
catalyzed by E. coli UvrABC (these data were obtained from the initial linear portions of the
plots in Figure 7B).
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Figure 8.
Comparisons of relative NER incision efficiencies of different stereoisomeric 4-OHEN-dC
or –dA adducts in sequence contexts VI or VII embedded in the middle of internally labeled
135-mer DNA duplexes (See Supporting Information Scheme 1), in human HeLa cell
extracts and prokaryotic UvrABcaBBcaCTma proteins at 55 °C. The value of 100 was
assigned to the (+)-4-OHEN-dC6 adducts in sequence context VI (abbreviated as the (+)-
dC6-VI adduct in the Figure), and all other incision efficiencies are expressed relative to this
value. The HeLa and UvrABC data (typical gels are shown in Figure S4, Supporting
Information), are excerpted from Reeves [42]. The minus and plus signs denote the
stereochemical properties of the adducts (Figure 2), and the subscripts denote the positions
of the modified nucleotides in sequences VI or VII.
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Figure 9.
Comparisons of all relative incision efficiencies in human HeLa cell extracts and UvrABC
experiments shown in the individual bar graphs in Figures 5, 6, 7, and 8. The origins of each
of the points are also shown. Incision efficiencies for each figure are expressed relative to a
designated adduct assigned a value of 100. The straight line corresponds to a hypothetical
ideal correlation; any point on this line would signify that the relative incision efficiencies
are identical in both NER systems. A correlation coefficient of 0.595 was calculated for all
the data points.
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Table 1

Summary of thermal melting data for adducts and sequences investigated.

Sequence a Adduct Tm (Tm Unmod) (°C) ΔTm (°C)h

I (+)-trans-BP-dG6 41 (51)b −10

I (+)-cis-BP-dG6 40 (51)c −11

II (Del) (+)-trans-BP-dG6 30 (24)b +6

II (Del) (+)-cis-BP-dG6 46 (27)c +19

III (+)-trans-BP-dG6 46 (55) d −9

IV (+)-trans-BP-dG6 30 (41) d −11

V (+)-trans-BP-dG6 55 e (60) −5

V (+)-trans-BP-dG7 57 e (60) −3

I (−)-SRR-4-OHEN-dC5 27 (51)f −24

I (+)-RSS-4-OHEN-dC7 27 (51)f −24

I (−)-SRR-4-OHEN-dC7 26 (51)f −25

VI (−)-SRR-4-OHEN-dC4 28 (53)g −25

VI (+)-RSS-4-OHEN-dC6 23 (53)g −30

VI (−)-SRR-4-OHEN-dA4 43 (53)g −10

VI (+)-RSS-4-OHEN-dA8 24 (53)g −29

VII (+)-RSS-4-OHEN-dA4 20 (45)g −25

VII (−)-SRR-4-OHEN-dA4 30 (45)g −15

VII (−)-RSS-4-OHEN-dA6 20 (45)g −25

VII (+)-RSS-4-OHEN-dA8 17 (45)g −28

VII (−)-SRR-4-OHEN-dA8 19 (45)g −26

a
Sequences shown in Figure 2

b
[73]

c
[16]

d
[19, 13]

e
[60]

f
[39]

g
[42], Table 2.2, Figures 2.30 and 2.31;

h
ΔTm (°C) = Tm (Lesion-containing duplex) –Tm (Unmod)
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