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Abstract

Nucleotide excision repair (NER) removes lesions caused by environmental mutagens or UV light
from DNA. A hallmark of NER is the extraordinarily wide substrate specificity, raising the
question of how one set of proteins is able to recognize structurally diverse lesions. Two key
features of good NER substrates are that they are bulky and thermodynamically destabilize DNA
duplexes. To understand what the limiting step in damage recognition in NER is, we set out to test
the hypothesis that there is a correlation of the degree of thermodynamic destabilization induced
by a lesion, binding affinity to the damage recognition protein XPC-RAD23B and overall NER
efficiency. We chose to use acetylaminofluorene (AAF) and aminofluorene (AF) adducts at the C8
position of guanine in different positions within the Nan (GGCGCC) sequence, as it is known that
the structures of the duplexes depend on the position of the lesion in this context. We found that
the efficiency of NER and the binding affinity of the damage recognition factor XPC-RAD23B
correlated with the thermodynamic destabilization induced by the lesion. Our study is the first
systematic analysis correlating these three parameters and supports the idea that initial damage
recognition by XPC-RAD23B is a key rate-limiting step in NER.
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INTRODUCTION

Nucleotide excision repair (NER) is the main pathway for removing bulky DNA adducts
formed by solar UV irradiation, environmental mutagens and chemotherapeutic agents in
humans.(1: 2 At least 30 proteins are involved in NER and they assemble at the sites of
damage in sequential order with the help of protein-DNA and protein-protein interactions.
Although the same set of proteins is responsible for the recognition of all lesions by NER,
the efficiencies of the excision of individual lesions can vary greatly.(® Investigation of the
substrate specificity suggested early on that good NER substrates are helix-destabilizing and
contain a chemical modification, and that there is a correlation between the degree of helix
destabilization and NER efficiency. These observations were framed in the context of the
“bipartite substrate discrimination model” suggesting that lesions are processed by NER if
they contain a chemical modification and disrupt base pairing.(>) Subsequent studies
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revealed that local DNA duplex destabilization can include factors such as disrupted base-
pairing, bending and flexibility, all in line with the general concept thermodynamic
destabilization of the DNA duplex is the main trigger for NER.(6-8)

These observations are in agreement with current models of how NER proteins recognize
damaged sites in DNA.(9:10) The initial damage recognition factor XPC-RAD23B employs a
lesion-unspecific mechanism for damage recognition, probing for thermodynamic
destabilization and binding sSDNA accessible on the non-damaged strand opposite the
lesion.(11-13) This binding mode of XPC-RAD23B explains how thermodynamic
destabilization rather than lesion structure is the determining factor for damage recognition.
As XPC-RAD23B does not appear to directly contact the lesion, it is also prone to binding
destabilized sites in DNA that do not contain damage such as mismatches. NER therefore
requires a damage verification step that assures the presence of a chemical modification in
the substrate.(1¥) Recent studies strongly suggest that this damage verification step is
accomplished by the XPD helicase, a subunit of TFIIH. It is believed that XPD tracks along
the DNA until it stalls at a bulky lesion, thereby permitting further assembly of the NER
complex.(15-18) In line with this model, certain bulky lesions that do not induce duplex
destabilization are refractory to XPC-RAD23B binding and NER. (9. 20)

We set out to probe the model that NER efficiency is directly correlated with the degree of
thermodynamic destabilization and XPC-RAD23B binding affinity in a systematic fashion
in the context of a specific lesion. We reasoned that major groove adducts of aminofluorene
(dG-AF) and acetyl-aminofluorene (dG-AAF), would be particularly well suited for this
purpose, as it is known that the structural and thermodynamic features of these adducts on
DNA is highly sequence context dependent.(2%: 22) As we would not expect any major
differences of how AF and AAF adducts would stall the XPD helicase during the damage
verification step, we believe that this system is well suited to correlate thermodynamic
properties, XPC-RAD23B binding and NER efficiency.

The structural properties of AF and AAF adducts are intriguing and well studied in the
context of the Mar sequence (GGCGCC), where dG-AF and dG-AAF can assume
dramatically different conformations depending on which G in the sequence bears the
adduct.(?3. 24) AF and AAF adducts can assume two main conformations: (22 24-26) |f the
adduct-containing nucleotide has an anti glycosidic bond conformation, the duplex is fully
B-form with all the base pairs intact and the aromatic fluorene ring is located in the major
groove (Figure 1, B-conformation). Alternatively, the glycosidic bond can assume a syn
conformation, in particular in the presence of the additional bulk of the acetyl group at N8 in
AAF. Here, the base is displaced in the major groove and the fluorene intercalates into base
stack (Figure 1, S-conformation). Lastly, dG-AAF adducts can also be present in the wedge
(W) conformation, where the adducted G also has a syn glycosidic bond and undergoes a
Hoogsteen pairing interaction with the C opposite it (Figure 1, W-conformation). Cho and
coworkers studied the relative populations and thermodynamic properties in detail and found
that dG-AAF and dG-AF adducts with higher propensity for S and W conformations cause
higher degrees of duplex destabilization and are more readily processed by bacterial
NER.(24 Additional studies have compared the processing of dG-AAF and dG-AF
substrates by bacterial and human NER, but have not thoroughly addressed the origins of
repair efficiency.(27-32)

Here we report that there is a strong correlation between the efficiency of human NER,
XPC-RAD23B binding affinity and degree of thermodynamic destabilization induced by AF
and AAF adducts in various positions of the Narl sequence. Our studies suggest that the
efficiency of damage recognition by XPC-RAD23B is a key determinant of the overall NER
rate.

Chem Res Toxicol. Author manuscript; available in PMC 2013 November 19.
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EXPERIMENTAL PROCEDURES

Materials

Chemicals and solvents were purchased from Fluka-Sigma-Aldrich. The 1000 A “Q-
columns” were from Biosearch Technologies and all other reagents for DNA synthesis were
from Glen Research. DNA syntheses were performed on a PerSeptive Biosystems Expedite
8900 DNA synthesizer, HPLC purifications on a JASCO system equipped with a
Phenomenex Clarity Oligo-RP Semi-prep column: C18, 5 pum, 50x10.00 mm. C18-SepPak
cartridges were from Waters. T4 PNK, T4 polymerase, and T4 DNA ligase were from New
England Biolabs (NEB) and sequenase (T7 DNA polymerase) from USB Corp. [a-32P]-
dCTP was from PerkinEImer. Unmodified 12-mer oligonucleotides were purchased from
Integrated DNA Technologies (IDT).

Preparation of Oligodeoxynucleotides containing a site specific AAF or AF

The AAF-containing oligonucleotides 12-AAF, 24-AAF and 44-AAF (see Table 1 for
sequences) were synthesized using our modified “ultra-mild' DNA synthesis protocol.(27) All
DNA syntheses were performed on 1 M scale using 1000 A “Q-columns”. The
phosphoramidites for T, Ac-dC, Pac-dA, iPrPac-dG were dissolved to 0.1M in CH3CN, that
for iPrPac-dG-AAF in CH,Cl, to 0.1 M. The 5-DMTTr protective group was retained for all
the syntheses ('DMT-on' synthesis). After completion of oligonucleotide synthesis, the solid
support was dried and incubated overnight at 55°C with a solution containing 10% (V/V) of
diisopropylamine (iPr,NH) and 0.25 M of B-mercaptoethanol in MeOH. The supernatant
containing the oligonucleotide was decanted and concentrated. Oligonucleotides were then
dissolved in 1 ml of 1 M triethylamoniumacetate (TEAA, pH 7) and filtered through 0.45
pm filter and purified by reverse-phase HPLC purification. The peak of " DMTr-ON'
oligonucleotide was collected, concentrated, and treated with 80% acetic acid solution for 40
min at room temperature to remove the DMTr. Oligonucleotides containing dG-AF were
prepared by treatment of the dG-AAF-containing oligonucleotides with 1M NaOH as
described.(33) After purification, all oligonucleotides were desalted by Sep-Pak (Waters),
eluted with H,O and stored in TE (pH 8). The identity of 12-AAF/AF and 24-AAF/AF-
containing oligonucleotides was confirmed by ESI-MS, that of the 44-AAF/AF-containing
oligonucleotides by MALDI-MS.

XPC RAD23B expression and purification and cell extract preparation

Polyhistidine-tagged RAD23B was expressed in £. coli BL21(DE3)LysS using the
expression vector pET-24d and purified on nickel beads (Qiagen) as described.(34)
Polyhistidine and MBP-tagged XPC was expressed in Sf9 cells. The cells were lysed as
described and S3 was combined with partially purified RAD23B.(14) The correctly folded
heterodimer was further purified through nickel beads (Qiagen), gel filtration (Pharmacia)
and heparin (Amersham) columns. HeLa whole-cell extracts were prepared as described.(3%)

Generation of plasmids and in vitro NER assay

Single-stranded circular DNA was generated from p98 (with a Nad site engineered into
pBlusscript 11 SK+) as described.(27: 36) The oligonucleotides 24-AAF or 24-AF (100 pmol)
were 5'-phosphorylated by incubation with 20 units of T4 PNK and 2 mM of ATP at 37 °C
for 2h. After annealing with 30pmol of single-stranded p98, the mixture was incubated with
dNTPs (800 M), T4 DNA polymerase (90 units) and T4 DNA ligase (100 units) to
generate the covalently closed circular DNA containing a single dG-AAF or dG-AF adduct.
The closed circular DNA was purified by cesium chloride/ethidium bromide density
gradient centrifugation, followed by consecutive butanol extractions to remove the ethidium
bromide and finally concentrated on a Centricon YM-30 (Millipore). The collected
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covalently closed circular DNA was further purified by sucrose gradient centrifugation to
remove traces of ethidium bromide and nicked DNA. Plasmids containing dG-AAF and dG-
AF were aliquoted and stored at —80 °C.

The in vitro NER assay was performed as described.(?7:36) HeLa cell extract (2l of 21mg/
ml), 2 ul of 5x repair buffer (200 mM Hepes-KOH, 25 mM MgCl,, 110 mM
phosphocreatine (di-Tris salt, Sigma), 10 mM ATP, 2.5 mM DTT and 1.8 mg/ml BSA,
adjusted to pH 7.8), 0.2 .l of creatine phosphokinase (2.5 mg/ml, rabbit muscle CPK,
Sigma), and 0.5 pL 0.4 M NaCl (final NaCl concentration was 70 mM) in a total volume of
10 pl were pre-incubated at 30°C for 10 min. Covalently-closed circular DNA plasmid (1pl
of 50 ng/ul) containing either the AAF or the AF adduct was added and the mixture
incubated at 30 °C for 45 min. After placing the samples on ice, 0.5 ul of 1 pM of a 3'-
phophorylated oligonucleotide:
d(GGGGCATGTGGCGCCGGTAATAGCTACGTAGCTC) was added and the mixture
heated at 95°C for 5 min. The samples were allowed to cool to room temperature for 15 min.
Sequenase/[a-32P]-dCTP mix (1 pl of 0.25 units of Sequenase and 2.5 p.Ci of [a-32P]-dCTP
per reaction) was added before incubating at 37 °C for 3 min, followed by addition of 1.2 .l
of dNTP mix (100 uM of each dATP, dTTP, dGTP; 50 M dCTP) and incubation for
another 12 min. The reactions were stopped by adding 12 pl of loading dye (80%
formamide/10 mM EDTA) and heating at 95 °C for 5 min. The samples were run on a 14%
sequencing gel (0.5x TBE) at 45 W for 2.5 hrs. The reactions products were visualized using
a Phosphorlmager (Typhoon 9400, Amersham Biosciences). Each NER was performed at
least three times with each substrate for quantification. Relative repair efficiency of each
substrate was normalized to a non-specific band and quantified by the Image Quant TL
program from Amersham Biosciences.

Electrophoretic Mobility Shift Assay (EMSA)

AAF- or AF-modified 44mer oligonucleotides (4 nM) were annealed to a complementary
strand labeled 5' with Cy5 (1.3 nM) in 10 mM Tris-HCI (pH 8), 6.6 mM NaCl and 0.66 mM
MgCI. The annealed oligo was incubated with XPC-RAD23B (0-150 nM) in a 15 pL
mixture containing 25 mM Tris-HCI (pH 7.5), 40 mM NaCl, 0.1 mg/mL BSA, 10%
glycerol, 4 nM non-modified 44mer duplex (competitor), at 25 °C for 30 minutes. The
reaction mixture was loaded onto a native 5% polyacrylamide gel pre-equilibrated with 0.5
x TBE buffer and run at 4 °C for 50 min at 20 mA. Gels were scanned using a Typhoon
9400 imager. The band intensities of free 44mer oligonucleotides and XPC-RAD23B-bound
were determined using the Image Quant TL program from Amersham Biosciences. EMSA
with each substrate was performed three times to give average binding data. The sigmoid
curve was drawn by the Sigmaplot software VV10.0 program using the Hill equation, f=y
+a*x"b(c b+x"b), (where Y is the % of protein-bound substrate, X is the concentration (nM)
of XPC-RAD23B, and c is the Ky value) and Ky values were obtained from the half-
maximal binding point.

Measuring melting temperatures and thermodynamic parameters

UV-absorption thermal denaturation experiments were carried out as described using the
“thermal’ program of a CARY 100 Bio UV-VIS spectrophotometer equipped with a
multicell block temperature regulation unit and a fluid conduction thermal regulation
enhancement attachment (Varian, Inc.).3”) Duplexes (at concentrations between 2 and 11
M) were dissolved in 1 mL of 25 mM sodium phosphate buffer solution, pH 6.8,
containing 100 mM NaCl and 0.5 mM EDTA. After temperature equilibration, samples were
heated from 15°C or 80°C or cooled from 80°C to 15°C at a rate of 0.2°C/min. Eight
different sample concentrations and three independent melting profiles at each concentration
composed a set of 24 independent determinations performed on each duplex. The enthalpy

Chem Res Toxicol. Author manuscript; available in PMC 2013 November 19.



1X31-)lew1a1ems 1X31-){Jewiaremsg

1Xa1-)lewarems

Yeo etal.

RESULTS

Page 5

(AFP) and entropy (A S°) were calculated using a published protocol:(38:39) van't Hoff plots
of Tm L versus In(G) to fitto 7 1=R/IAF° INC/4 + AS°IAHP, in which Ty, is a melting
transition point in K, Cyis a total duplex concentration, and R is the universal gas constant
(1.987cal/Kmol); AG°= AH°-TA S°. Reported enthalpy and entropy values are the average
of individual determinations, and error estimates represent the standard deviation of the data.
The Gibbs free energy (AG®) of duplex formation was then calculated from these values.

The NER efficiency of dG-AAF and dG-AF adducts varies greatly within the Narl site

We incorporated dG-AAF and dG-AF residues at each of the three guanine residues in the
Narl sequence (Table 1) in 24mer oligonucleotides by solid-phase synthesis using our
established protocol.(27:40) These 24-mers were annealed to a single-stranded plasmid and
subjected to a primer extension, ligation and purification protocol to generate plasmids
containing site-specific dG-AF or dG-AAF adducts.(27:36) The plasmids were incubated with
NER-proficient HeLa whole cell extracts, leading to the formation of excision products of a
characteristic length of around 26-31 nucleotides. These reaction products were detected by
annealing to a complementary oligonucleotide with a 4G overhang and a fill-in reaction with
polymerase and a.-[32P]-dCTP. Under identical conditions in three independent experiments,
we observed the different levels of products for the six substrates (Figure 2A). The relative
efficiencies of incision were quantified and we assigned the value for the best substrate dG3-
AAF as 100%. The relative intensities of repair averaged from three independent
experiments were 100% for dG3-AAF, 60% for dG2-AAF and 40% for dG1-AAF, while the
relative intensities for the AF substrates was 20% (dG3-AF), 2% (dG2-AF) and 7% (dG-
AF) (Figure 2B). Therefore, the efficiency of NER of dG-AAF and dG-AF varies up to 50-
fold within context of the Narl sequence.

Binding affinities of XPC-RAD23B to dG-AAF and dG-AF substrates correlate with NER

efficiency

As XPC-RAD23B is the initial damage recognition factor in NER,(14) we wished to
determine to what extent the differences in NER efficiency of the various dG-AF and dG-
AAF adducts correlated with XPC-RAD23B binding affinities. Therefore we conducted
electrophoretic mobility shift assays (EMSA) to obtain the binding constants between XPC-
RAD23B and these substrates. 44mer oligonucleotides containing a central dG-AF or dG-
AAF lesion at the three G positions in the Narl sequence (Table 1) were annealed to a
fluorescently labeled complementary strand, incubated with increasing amounts of XPC-
RAD23B and three equivalents of non-damaged competitor DNA and equilibrated. Bound
and unbound fractions were separated on 5% native polyacrylamide gels (Figure 3A).
Comparison of the binding patterns revealed that the dG3-AAF-containing oligonucleotides
bound XPC-RAD23B more tightly than those containing dG2-AAF or dG1-AAF, while all
of the dG-AF oligonucleotides had lower affinity (Figure 3A). To calculate the dissociation
constants, the binding data were fit to a sigmoidal curve (see Experimental procedures). For
the dG-AAF oligonucleotides, the dissociation constants qualitatively correlated with the
NER efficiencies with dG3-AAF having a significantly lower Kj value than dG1-AAF and
dG2-AAF (Table 3).

Of the AF series, dG3-AF, had the lowest K value and we were unable to accurately
determine the Kj value for dG1-AF or dG2-AF as binding failed to reach saturation under
our experimental conditions. We estimate the Ky for these two 44-mers to clearly higher
than 120 M, based on the concentration at which 50% of maximal binding is reached. The
Ky value for dG3-AF (79 nM) was lower than that of dG2-AAF and dG3-AAF sequences,
despite it being less efficiently processed by NER. However, the binding affinity of XPC-
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RAD23B to the various adducts correlated well with the NER efficiency within the dG-AAF
and dG-AF series.

Better NER substrates have lower melting temperatures and thermodynamic stabilities

As our studies revealed a strong correlation between NER efficiency and XPC-RAD23B
binding affinity, we investigated whether there was an additional correlation with the
thermodynamic properties of the corresponding substrates. We therefore synthesized
duplexes containing the 12 central residues of the NER/binding substrates (Table 1) and
measured their melting temperatures. All of the dG-AAF and dG-AF duplexes showed lower
melting temperatures compared to a control oligonucleotide containing a dG at the position
of the lesion. Consistent with earlier studies, the presence of either AF or AAF decreased
thermal and thermodynamic stability of DNA duplex (Table 2).(24) The melting temperature
of the control oligonucleotide was 10 to 18 °C higher than that of dG-AF or dG-AAF-
containing DNA duplexes. Van't Hoff plots were derived by measuring the Ty, over a
concentration range of 2-11uM and plotting In(C/4) versus 1/Tm to calculate
thermodynamic parameters (Figure 4).3% dG3-AAF had the lowest melting temperature
(48°C) and the highest Gibbs free energy (AG, —9.8 kcal/mol), indicating that the presence
of the AAF adduct at this position affected duplex stability most severely, consistent with it
being the best NER substrate. The melting temperature and in particular the Gibbs free
energies correlated well with the NER efficiencies, and the order of increasing stability
(AG) was as follows: dG3-AAF > dG2-AAF ~ dG1-AAF > dG3-AF ~ dG1-AF > dG2-AF >
dG (Table 2).

DISCUSSION

Human NER employs a remarkable strategy for the recognition of structurally diverse
lesions that fulfill two criteria:(® 1) they induce a local thermodynamic destabilization to
permit binding by the damage recognition factor XPC-RAD23B and 2) they are bulky and
have the ability to stall the XPD helicase in the damage verification step. Here we tested one
prediction of this model, that for structurally similar lesions the degree of thermodynamic
helix destabilization determines the binding affinity for XPC-RAD23B and overall NER
rate. In our studies using a series of dG-AF and dG-AAF lesions in the context of the Narl
sequence, we observe this predicted correlation, although our data suggest that the steps
following XPC-RAD23B can also influence to the overall reaction rate (Table 3).

Structural features of dG-AF and dG-AAF adducts determine repair outcomes

Duplexes containing dG-AF and dG-AAF have been subject to extensive structural studies
and the structure of these adducts is strongly dependent on the sequence context.(2224) |n
general, dG-AF is present in higher proportion in the base-paired conformation with the
fluorene in the major groove. dG-AF lesions are therefore less distorting than dG-AAF
lesions and are less well repaired in all sequence contexts both in bacterial and human
systems.(25.27-29.31) The differences within the dG-AF and dG-AAF series are less
pronounced, but we note that our data of repair efficiencies are in good agreement with the
degree of thermodynamic destabilization (this study) and the fraction of adduct present in
the S/W versus B conformation.(2®) It is however likely that more subtle changes within
these conformations could also contribute to repair efficiencies, as been shown for example
for the repair of various benz[d]pyrene adducts.(6:4142) Such differences may also result
from more distant neighbor contexts or DNA conformation (eg. supercoiled versus linear).
They might also explain modest differences in relative repair rates of dG-AAF adducts
between our studies and those of Mu et al., who also investigated the NER efficiencies of
the repair of dG-AF and dG-AAF adducts in the Narl sequences.(3) While the overall
results and conclusions of these studies are in good agreement, a minor difference in the

Chem Res Toxicol. Author manuscript; available in PMC 2013 November 19.



1X31-)lew1a1ems 1X31-){Jewiaremsg

1Xa1-)lewarems

Yeo etal.

Page 7

relative NER efficiencies was observed for the dG2-AAF and dG3-AAF substrates.(30-43) we
believe that this may be due to the use of linear versus circular substrates in the two studies.
Additionally, Mu et al used molecular dynamics simulations to explore the structures of dG-
AF and dG-AAF in these sequences.3) They found sequence-dependent differences in the
base-stacking pattern of the S-conformers, which may influence repair efficiency. Thus it is
likely that the sequence-specific NER rates are not only determined by the fraction of
adducts present in the B- versus S-/W-conformers, but also by subtle structural differences
within those conformers.

Moderate differences in XPC binding affinity determine hierarchy of repair

Conclusion

XPC-RAD23B is widely regarded as the key damage recognition factor in NER, and
structural and biochemical studies of the human and yeast proteins have shown that it binds
specifically to the non-damaged strand opposite the lesion.(11-13) Several studies have been
concerned with the binding affinity and specificity of XPC-RAD23B binding to DNA
lesions and two important features are emerging: (14 20. 44.45) First, the difference in binding
affinity of XPC-RAD23B for the best substrates (such as a 6-4 photoproduct or dG-AAF)
and non-specific DNA is only about 2-10 fold. Although absolute values of the Kj are the
are in the range of 1-100nM, depending on the protein preparations and technique used for
Kj determination, there appears to be only a moderate difference in binding affinity, raising
the question how this might be sufficient for specifically recognizing lesions in the context
of genomic DNA. Second, XPC-RAD23B binding to NER substrates is very resistant to
inhibition by competitors, and the extent of resistance to inhibition correlates well with the
suitability as an NER substrate.(1444) These observations suggest that XPC-RAD23B has a
very slow Ayt rate on good NER substrates, implying a long residence time of the protein on
the damage, allowing for the recruitment of TFIIH/XPD and other downstream factors to
continue progression through the NER reaction. In this context, a relatively small increase in
binding affinity may well be very significant in increasing damage recognition and the rate
of NER. XPC as well as the bacterial NER protein UvrB insert a beta-hairpin into the
protein at the lesion site and it is possible that this process alters the structure of the XPC-
DNA complex in a way to facilitate the recruitment of the subsequent factors.(®) One
apparent discrepancy in our results is that the dG3-AF is bound with lower affinity that the
dG2-AAF and dG1-AAF adducts, although the two dG-AAF adducts are processed more
efficiently by NER. It is possible that this may due to structural features of the XPC-lesion
complex that might differ for dG-AF and dG-AAF. Such structural alterations may influence
recruitment and binding of TFIIH and also possibly translocation of the XPD helicase.

In this study, we have shown that there is a good correlation of the extent of thermodynamic
destabilization, binding to the damage recognition protein XPC-RAD23B and overall NER
rate for DNA lesions, supporting and extending current models of damage recognition in
NER. It will be interesting to determine, in quantitative terms, how subtle differences in the
structures of DNA lesion influence damage recognition and how steps downstream of XPC-
RAD23B in NER, such as damage verification by XPD/TFIIH and preincision complex
assembly (involving XPA, RPA, XPG and ERCC1-XPF) amplify damage discrimination in
this multi-step repair pathway.
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Abbreviations

AAF acetylaminofluorene

AF aminofluorene

Ct total DNA concentration

EMSA electrophoretic mobility shift assay

NER nucleotide excision repair
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Figure 1.

Structures of dG-C8-AF; A-(deoxyguanosin-8-yl)-2-aminofluorene and dG-C8-AAF; N\-
(deoxyguanosin-8-yl)-2-acetylaminofluorene and antiand syn conformations. dG-C8-AF is
believed to have the base mainly in the syn conformation, whereas dG-C8-AAF favorably
retains anti conformation.
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Figure 2. Relative NER efficiencies of dG AF and dG AAF adducts in the Narl sequence

A. Plasmids containing site-specific dG-AF (lane 1-3) or dG-AAF (lane 4-6) adducts were
incubated with HeLa whole cell extracts. The excision products were detected by annealing
to complementary oligonucleotides with a 4G overhang, which served as a template for end-
labeling with [a-32P] dCTP with sequenase. The reaction products were resolved on a 14%
denaturing polyacrylamide gel. The position of 25nt and 34nt markers is indicated on the left
of the gel. B. Quantification of the relative NER efficiencies from at least three independent
experiments.

Yeo et al.,

Chem Res Toxicol. Author manuscript; available in PMC 2013 November 19.



1X31-)lew1a1ems 1X31-){Jewiaremsg

1Xa1-)lewarems

Yeo etal. Page 13

10_ 30 50_100 150 XPC 10_ 30 50_100 150
0 20 40 75 125 v O 20 40 75 1}%5

'——-’-‘V b b d —XD—": ""N’J
dG'-AAF W dG1-AF ‘
[V W15(¥ VIR RS o1
-\-AHU‘H_ XD Lo "_;%:._-:J
dG2-AAF oy MH‘GZ'-_AF'

WeNNEEEN- o _-uua-uuum
ot b W R 5 - NEUEEE

dG3-AAF dG3-AF
0 LR = [ Y ST 9 %]
12345678910 12345678910

0 0
0 25 50 75 100125150 0 25 50 75 100125150
XPC-RAD23B [nM] XPC-RAD23B [nM]

Figure 3. Binding affinities of XPC RAD23B bound to dG AF and dG AAF substrates correlates
with NER efficiency

A. 44mer oligonucleotides containing a dG-AF or dG-AAF were annealed to
complementary oligonucleotides containing a fluorescent label (5'-Cy5). The substrates were
incubated with the indicated concentrations of XPC-RAD23B and the mixtures analyzed on
to a 5% native polyacrylamide gel. The positions of the unbound DNA (D) and XPC-
RAD23B-bound DNA (XD) are indicated. B. The binding data of three independent
experiments were quantified by fitting to a sigmoidal curve and Kd'values calculated using
the Hill equation.
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Figure 4.

Van't Hoff plots of 7,1 versus In(C/4) derived from the melting curves for the control,
dG-AF and dG-AAF 12mer duplexes (at concentrations between 2 and 11j.M). Cyrepresents
the total oligonucleotide concentration
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Table 1

Oligonucleotides used in this study

12-dG'-AF/AAF
12-dG>-AF/IAAF
12-dG*-AF/AAF
24—dG-AF/AAF
24-dG>-AF/AAF
24-dG3-AF/AAF
44—-dG1-AF/AAF
44-dG?-AF/AAF
44-dG2-AF/AAF

5'-TACCXGCGCCAC
5'-TACCGXCGCCAC
5'-TACCGGCXCCAC
5'-TAGCTATTACCXGCGCCACATGTC
5'-GCTATTACCGXCGCCACATGTCAG
5'-CTATTACCGGCXCCACATGTCAGC
5'-CCCTAGCTAGAGCTACGTAGCTATTACCXGCGCCACATGTCAGC
5'-CCCTAGCTAGAGCTACGTAGCTATTACCGXCGCCACATGTCAGC
5'-CCCTAGCTAGAGCTACGTAGCTATTACCGGCXCCACATGTCAGC

*
X denotes dG-AAF, dG-AF or dG residues; the Narl sequence is underlined
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Tm values and thermodynamic properties of dG-AF and dG-AAF containing duplexes.

Table 2

Substrate Tmb (°C) | AH (kcal/mol) | AS (cal/mol*k) | AG (kcal/mol)®
dG (control) 66+1 -102+1 -2718+1 -15.8+0.4
dG!-AF 55+0 -110+0 -310+0 -139+0.1
dG2-AF 56+ 0 -105+0 -294 +1 -13.8+0.1
dG3-AF 51+1 -123+1 -354+1 -13.2+0.4
dGl-AAF 541 -91+1 -254+1 -12.2+0.3
dG2-AAF 501 -113+1 -325+1 -122+0.3
dGP-AAF 48+1 -65+2 -178+1 -9.8+£0.2

Page 16

a . . . - A . .
Thermodynamic parameters for oligonucleotides containing modifications were acquired from absorbance versus temperature melting curves.

b . . .
Melting temperatures were measured at an oligonucleotide concentration of 5.8 uM.

cGibbs free energy calculated at 37°C. Reported errors are standard deviations rounded to the next integral.
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Correlation of NER efficiency, XPC-RAD23B binding affinity and Gibbs free energy

Table 3

Substrate | relative NER efficiency | XPC-RAD23B K4 (M) | AG (kcal/mol)
dGL-AF % >120 -13.9
dG2-AF 2% >120 -13.8
dG3-AF 20% 79+5 -13.2

dGLl-AAF 40% 117+ 4 -12.2

dG2-AAF 60% 103+ 6 -12.2

dG3-AAF 100% 547 -9.8

Chem Res Toxicol. Author manuscript; available in PMC 2013 November 19.

Page 17



