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Abstract

The first eukaryotic NER factor that recognizes NER substrates is the heterodimeric XPC-

RAD23B protein. The currently accepted hypothesis is that this protein recognizes the distortions/

destabilization caused by DNA lesions rather than the lesions themselves. The resulting XPC-

RAD23B -DNA complexes serve as scaffolds for the recruitment of subsequent NER factors that

lead to the excision of the oligonucleotide sequences containing the lesions. Based on several

well-known examples of DNA lesions like the UV radiation-induced CPD and 6-4 photodimers,

as well as cisplatin-derived intrastrand cross-linked lesions, it is generally believed that the

differences in excision activities in human cell extracts is correlated with the binding affinities of

XPC-RAD23B to these DNA lesions. However, using electrophoretic mobility shift assays, we

have found that XPC-RAD23B binding affinities of certain bulky lesions derived from

metabolically activated polycyclic aromatic hydrocarbon compounds such as benzo[a]pyrene and

dibenzo[a,l]pyrene, are not directly, or necessarily correlated with NER excision activities

observed in cell-free extracts. These findings point to features of XPC-RAD23B-bulky DNA

adduct complexes that may involve the formation of NER-productive or unproductive forms of

binding that depend on the structural and stereochemical properties of the DNA adducts studied.

The pronounced differences in NER cleavage efficiencies observed in cell-free extracts may be

due to differences in the successful recruitment of subsequent NER factors by the XPC-RAD23B-

DNA adduct complexes, and/or in the verification step. These phenomena appear to depend on the

structural and conformational properties of the class of bulky DNA adducts studied.
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INTRODUCTION

The nucleotide excision repair (NER) system in both prokaryotes and eukaryotes can

remove a wide range of chemically and conformationally diverse DNA adducts and is a

multi-step process that involves multiple proteins, nearly 30 in eukaryotes [1–3]. The DNA

adducts are recognized by two different mechanisms, transcription-coupled repair and global

genomic repair. In transcription-coupled repair, DNA damage stalls transcription catalyzed

by RNA polymerase, which leads to the recruitment of NER factors that ultimately results in

the removal of the damage and regeneration of intact DNA [4, 5].

In global genomic repair in mammals, the adducts are recognized by the heterodimeric

XPC-RAD23B protein [6]. At the chromatin level in vivo, the UV-induced photolesions are

first recognized by the DDB2-DDB1 heterodimer that recruits the XPC-RAD23B -centrin 2

complex to the UV photolesions [7, 8]. However, neither DDB2-DDB1 nor centrin 2 are

required for the recognition of DNA adducts in cell extracts in vitro. The binding of the

XPC-RAD23B heterodimer to the damaged DNA is the initial event [9, 10] that triggers the

ensuing stepwise cascade of NER steps [11–15]. In order for the full processing of the DNA

adducts to occur, it is believed that a two-step (bipartite) mechanism is required: (1)

recognition by XPC-RAD23B and (2) the subsequent verification step that involves the

helicase activity of XPD in TFIIH, the next multi-protein NER factor that binds to the XPC-

RAD23B -DNA complex. Based on biochemical [16, 17] and X-ray crystallographic [18]

experiments, it is now accepted that XPC-RAD23B recognizes the distortions/

destabilizations of the DNA duplex caused by DNA adducts or lesions, and binds to the

unmodified complementary strand rather than the lesioned strand. In this manner, the NER

apparatus is capable of removing an astoundingly wide variety of DNA adducts that vary in

size and shape and the site of attachment to the nucleotides[1, 2]. However, the efficiency of

removing structurally different adducts can vary by two orders of magnitude, or more [15]

and the origins of resistance of DNA lesions to NER are poorly understood. The relative

susceptibilities of different bulky DNA adducts (termed here ‘NER cleavage efficiencies’) to

excision by the human and prokaryotic NER systems in cell extracts is markedly dependent

on their topological features, the nature of the adducted nucleobase, and the sequence

context [19–21].

In this work, we compared the binding of XPC-RAD23B to structurally and

conformationally different bulky DNA adducts and, using electrophoretic mobility shift

assays (EMSA), compared the binding to the dual incisions of the same adducts catalyzed by

the human NER systems in HeLa cell extracts in vitro. No direct correlation between the

extent of XPC-RAD23B binding and NER cleavage efficiencies was found in the case of the

six structurally or stereochemically different DNA adducts embedded in the same sequence

context (Figure 1). The ramifications and significance of these findings is discussed.
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The DNA adducts selected for study

We have previously investigated the cleavage efficiencies of DNA substrates containing

different bulky adducts catalyzed by the human HeLa cell extracts in vitro [19, 21–23].

These adducts were derived from the metabolic activation of polycyclic aromatic

hydrocarbons (PAH) benzo[a]pyrene (B[a]P) and dibenzo[a,l]pyrene (DB[a,l]P) to highly

reactive diol epoxide intermediates that bind to the exocyclic amino groups of guanine and

adenine in DNA, and form a variety of stereoisomeric adducts [24–28]. The focus of this

contribution is on the stereoisomeric pairs of DNA adducts derived from the reactions of the

mutagenic and tumorigenic metabolites of B[a]P and DB[a,l]P, (+)-7R,8S-dihydrodiol-9S,

10R-epoxy-7,8,9,10-tetrahydro-B[a]P (B[a]PDE) and (−)-11R,12S-dihydrodiol-13S,14R-

epoxy-7,8,9,10-tetrahydro-DB[a,l]P (DB[a,l]PDE) (and its mirror-image (+)-enantiomer),

respectively. In general, the conformations of such DNA adducts depend markedly on their

stereochemical and structural properties [29]. Here, we compared XPC-RAD23B binding to

three sets of stereoisomerically different adducts, all with different DNA adduct

conformations.

1. trans- and cis-B[a]P-G adducts. The cis- or trans-addition of the epoxide group of

(+)-B[a]PDE at its 10-position to N2-guanine leads to the pair of stereoisomeric

trans- and cis-B[a]P-G adducts shown in Figure 1. The structural properties of

these two adducts in double-stranded DNA is very different. In the case of the 10S

(+)-trans-anti-B[a]P-G (S-trans-B[a]P) adduct, the bulky PAH ring system is

positioned in the minor groove on the 5’-side of the modified guanine residue ;

however, in the 10R (+)-cis-anti-B[a]P-G (R-cis-B[a]P-G) adduct, the aromatic

B[a]P residue assumes a base-displaced intercalated conformation with the

modified guanine residue in the minor groove, and the partner cytosine residue

displaced into the major groove [30–32]. The R-cis-B[a]P-G adduct is associated

with a greater local distortion of the DNA structure (Figure 2) and the NER

cleavage efficiency in HeLa cell extracts is some ~ 5 times greater than that of the

stereoisomeric S-trans-B[a]P-G adduct[22, 23](Figure 3).

2. R- and S-trans-DB[a,l]P-G adducts. The structures of the adducts formed from the

reactions of the (+)- and (−)-enantiomers of DB[a,l]PDE to the exocyclic amino

groups of guanine (14R (+)- and 14S (−)-trans-anti-DB[a,l]P-G (R- and S-trans-

DB[a,l]P-G)) and adenine (14R (+)- and 14S (−)-trans-anti-DB[a,l]P-A (R- and S-

trans-DB[a,l]P-A)) are shown in Figure 1, and the conformations of the adducts are

depicted in Figure 2. The S-trans-DB[a,l]P-G adduct is intercalatively inserted into

the DNA double helix from the minor groove and causes destabilization of the

duplex by disrupting hydrogen bonding at the 5’-flanking base pair [33–35]. In the

case of the S-trans-DB[a,l]P-G adduct, the bulky DB[a,l]P-residue is positioned in

the minor groove with the same orientation as the configurationally identical S-

trans-B[a]P-G adduct whose Watson-Crick base pairing is intact (Figure 2).

However, the Watson-Crick base pairing is mainly disrupted at and adjacent to the

lesion site in the DB[a,l]P case, because of the greater bulk of the polycyclic

DB[a,l]P residue. The minor groove in this S-trans-DB[a,l]P-G adduct is greatly

widened because the large DB[a,l]P aromatic ring surface makes extensive

favorable van der Waals interactions with the groove wall that help compensate for
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the destabilizing distortions. The NER cleavage efficiency is 3.5 times smaller in

the case of the S-trans-DB[a,l]P-G adduct (Figure 3) than in the case of its R

stereoisomeric counterpart [21].

3. R- and S-trans-DB[a,l]P-A adducts. Modeling and other evidence indicates that

the stereoisomeric R-trans- and S-trans-DB[a,l]P-A adducts are intercalated

between adjacent base pairs on the 5’- and the 3’-sides of the modified adenine

base, respectively [36]. In contrast to the B[a]P- and DB[a,l]P-guanine adducts,

both DB[a,l]P-A adducts are resistant to NER (Figure 3).

METHODS

XPC-RAD23B

Recombinant human His6-XPC-RAD23B heterodimer was overexpressed and purified from

insect cells similarly as done for the yeast Rad4-Rad23 complex [18]. An N-terminal His6-

tagged XPC (156-940) and RAD23B (1-409) was incorporated into a dual-expression vector

(pFastBac Dual; Invitrogen) for co-expression. The residues 1-155 in XPC were highly

susceptible to limited proteolysis, indicating that they are unstructured or loosely folded.

Consistent with this, this region has overall low sequence complexity and is not conserved,

and was omitted in order to achieve homogeneous preparation of the protein complex. The

absence of the equivalent segment in yeast Rad4 (residues 1-100) does not affect the DNA

binding or the lesion specificity of the complex [18]. The Hi5 insect cells co-expressing the

His6-XPC-RAD23B complex were harvested 2 days after infection and were lysed in 25

mM Tris-HCl, 500 mM NaCl, 0.5 mM tris(2-carboxyethyl) phosphine hydrochloride, 0.5

mM Pefabloc SC (Roche), 1 mg/ml each of leupeptin, aprotinin and pepstatin, pH 7.5, at 4

°C, using a cell homogenizer (Avestin). The proteins were first purified using His-Select

Nickel agarose resin (Sigma). They were then dialysed against 25 mM Tris-HCl, 50 mM

NaCl, 4 mM dithiothreitol (DTT) and 2 mM ethylenediamine tetraacetate, pH 8.8, and were

purified by anion exchange chromatography (Source Q, Amersham). The complex was

further purified by cation exchange (Source S, Amersham) and gel-filtration (Superdex200,

Amersham) chromatography, and it was concentrated by ultrafiltration to ~0.2 to 0.7 mg/ml

in 5 mM bis-tris propane–HCl (BTP-HCl), 800 mM NaCl, 5 mM DTT, pH 6.8.

DNA substrates

The preparation of the 50-mer DNA substrate containing a single bulky DNA adduct (Figure

1) has been described elsewhere [21, 37]. Briefly, all modified bases were positioned at the

25th nucleotide counted from the 5’-end of the modified strand. The exact sequence of the

50-mer duplexes is shown in Supplementary data. For the EMSA experiments, the

complementary strand was 32P-end-labeled, and was then annealed to the modified strand

containing the adduct using a standard heating and slow cooling cycle. In these duplexes, all

nucleotides were complementary to one another, including the adducted adenine or guanine

bases.

Lee et al. Page 4

DNA Repair (Amst). Author manuscript; available in PMC 2015 July 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Electrophoretic mobility shift assays

The XPC-RAD23B binding reactions were carried out in buffer solutions containing 5 mM

Bis-tris propane-HCl, 75 mM NaCl, 10 mM dithioerythritol, 5% glycerol, 0.74 mM 3-[(3-

cholamidopropyl)dimethylammonio]-1-propanesulfonate (CHAPS), 500 μg/ml bovine

serum albumin (pH 6.8) as described [18]. The binding mixtures (8 μL aliquots) containing

0.40 nM 32P-end-labeled 50-mer DNA duplexes and various concentrations of XPC-

Rad23B were incubated at 295 K for 20 mins. In the competition experiments, unlabeled

and unmodified 50-mer duplexes were first incubated with 0.40 nM 32P-labeled, and various

concentrations of unlabeled and unmodified DNA with the same sequence context as

the 32P-labeled DNA, and then XPC-Rad23B was added and allowed to equilibrate for 20

min. The samples were then loaded onto 4.5% native polyacrylamide gels (acrylamide/

bisacrylamide = 37.5:1). The sizes of the gels were 96.5 cm wide and 127 cm long

containing phosphate buffer (25.5 mM KH2PO4 and 24.5 mM K2HPO4). The gel

electrophesis experiments were carried out at 4 °C in a cold room at 500 V for 50 min. The

gels were then dried and scanned using a Storm 860 Phosphorimager (GE Healthcare). The

fractions of bound DNA molecules were evaluated using the ImageQuant 5.2 software of the

phosphorimager.

RESULTS

In selecting the conditions for determining the extent of binding of XPC-RAD23B to DNA

duplexes containing the single, site-specifically inserted DNA adducts (Figure 1), optimal

conditions needed to be identified. The duplexes containing these lesions must be neither too

short since the footprint of XPCRAD23B is about 30 base pairs [17], nor too long because

this heterodimer binds non-specifically to unmodified DNA duplexes [38, 39]. Early binding

experiments showed that the affinities of binding are only slightly less in 45-mer than 60-

mer duplexes [38]. Thus, we selected 50-mer duplexes rather than the longer 135-mer

duplexes used in the NER in vitro assays [21–23] in order to minimize the fractions of

DNA-protein complexes that remain in the loading wells. We also sought to minimize the

amount of radioactively labeled DNA molecules used in each experiment in order to observe

saturation of XPCRAD23B binding in the < 10 nM protein range. We adopted a DNA

concentration of 0.4 nM, which was consistent with this goal, yet yielded sufficiently intense

bands for quantitative analysis.

General observations – single and double molecule XPC-RAD23B binding to 50-mer
duplexes

Typical binding curves for all six DNA adducts (Figure 1) embedded in the identical

sequence context are shown in Figures 4, 5 and 6. In the absence of the protein, a single

band due to free DNA duplexes is observed at the bottom of the gel. The loading well is the

weak line at the top of the gel and is due to material that did not successfully enter the gel

during the electrophoresis run. The actual electrophoretic running time was limited to 20

min; the purpose was to minimize the dissociation of the protein-DNA complexes during

electrophoresis that nevertheless occurred to some extent as seen by the darkness in the gels

between the upper bands and the fastest moving free DNA bands. However, the short

running time limited somewhat the resolution of the upper bands. Nevertheless, in the case
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of the unmodified DNA (UM) experiments (Figures 4, 5 and 6, panel A), a single upper

band is observed at the lowest XPC concentrations, but a second, slower moving band

appears at XPC-RAD23B concentrations of 2 – 3 nM, and a single band is observed at the

higher XPC concentrations. The lower band is attributed to a single XPC molecule-DNA

complex and the higher one is attributed to complexes with two XPC molecules bound per

DNA molecule. Similar double-molecule XPC-RAD23B -DNA complexes have been

reported by other workers [10, 40–42]. However, when an adduct is present, the two bands

are no longer distinguishable. Only single, but broadened bands are observed that gradually

exhibit lower mobilities as the protein concentrations are increased (Figures 4, 5 and 6,

panel D). The broadened single bands indicate that DNA molecules form complexes with

one or two protein heterodimers which exhibit variable electrophoretic mobilities, probably

due to heterogeneous micro-conformations of the complexes, including the presence of both

productive and non-productive binding complexes [17], discussed further below.

XPC-RAD23B binding curves

The binding curves are shown in panel D of Figures 4, 5 and 6. In the case of the DNA

duplexes with R-cis and S-trans-B[a]P-G and R-trans- and S-trans-DB[a,l]P-G adducts, the

binding curves are noticeably shifted to lower XPC-RAD23B concentrations relative to the

unmodified duplexes. The levels of protein binding to duplexes with the stereoisomeric pairs

of B[a]P-G and DB[a,l]P-G adducts are not distinguishable within experimental error.

Therefore, the data points shown in panels D of Figures 4, 5 and 6 represent averages over

both types of stereoisomeric DNA adducts in each case. The binding curves for the R-trans

and S-trans-DB[a,l]P-A adducts are not distinguishable from the unmodified DNA binding

curve within experimental error, and are thus different from those of the B[a]P-G and

DB[a,l]P-G adducts.

Analysis of XPC-Rad23B binding curves

The data points in panel D of Figures 4, 5 and 6 were fit to the Hill equation describing the

sequential model of binding of one and two protein molecules (P) to a single DNA (D)

molecule:

(1)

The binding curve based on this sequential binding model can be calculated according to the

Hill equation provided in Supplementary data[43]. The usual 1:1 binding model often used

to derive dissociation constants using solutions of a quadratic equation [44, 45] is not

appropriate here because we observe a mixture of single- and double-molecule binding. The

best fits of the Hill model yield effective dissociation constants KD = (KD1KD2)1/2 = 1.2 ±

0.6 nM (unmodified duplex), 0.67±0.20 nM R-cis- and R-trans-B[a]P-G and DB[a,l]P-G),

and 1.2±0.75 nM (DB[a,l]P-A). Thus, the effective dissociation constants are quite close to

the values for unmodified DNA duplexes and 6-4 T^T photoproducts in 36-mer duplexes

determined by the fluorescence polarization method [44].
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Unmodified DNA competition binding experiments

In order to further investigate whether the binding affinities of XPC-RAD23B to the pairs of

stereoisomeric DB[a,l]P-G, and DB[a,l]P-A adducts are truly different, we conducted the

competition experiments summarized in Figure 7. In each experiment, 0.4 nM of 32P-labeled

unmodified and DB[a,l]P-modified 50-mer duplexes were mixed with unlabeled and

unmodified 50-mer competitor DNA duplexes with the same sequence context as described

in the Fig. 7 legends. In all cases, but to different extents, the upper bands due to the

bimolecular protein complexes disappear at lower concentrations of unmodified competitor

DNA. This indicates that the second XPC-RAD23B molecules bound to the same DNA

molecules, have a lower binding affinity than the monomolecular complexes, and thus KD2

> KD1 (equation 1). The fraction of radioactive 32P-labeled modified duplexes as a function

of unlabeled 50-mer duplex concentrations is shown in Figure 7, panels G and H. From the

initial slopes of the decrease in bound, radioactively labeled DB[a,l]P-modified and

unmodified DNA duplexes, the affinities of the DB[a,l]P-A duplexes are about twice the

value of the DB[a,l]P-G duplexes (i.e., the rate of decrease of the fractions of 32P-labeled

modified XPC-RAD23B complexes decreases more rapidly with increasing unmodified

DNA competitor concentration in the case of the DB[a,l]P-G than the DB[a,l]P-A adducts

(Figure 7, panels G and H, respectively)). Finally, these competition binding experiments

clearly demonstrate that there is no difference in the affinities of XPC-RAD23B for

duplexes containing either of the two stereoisomeric R-trans-and S-trans-DB[a,l]P-G

adducts on the one hand, and the R-trans- and S-trans-DB[a,l]P-A adducts, on the other.

A somewhat different competition experiment in which the binding of XPC-Rad23B to 32P-

labeled unmodified duplexes, or duplexes with either S-trans- or R-cis-B[a]P-G adducts (0.4

nM) was determined in the presence of an excess of 500 nM unmodified DNA duplexes

with the same sequence context. The binding of XPC-RAD23B increases linearly as a

function of protein concentration as expected from the relevant equation describing the

fraction of DNA molecules bound to XPC-RAD23B (Supplementary data). This equation

also shows that when the concentration ratio of [competitor DNA]/[unmodified DNA] >> 1,

the ratio of the slopes for the modified and unmodified DNA straight lines in Figure 8A is

equal to [KD (unmodified)/KD(modified DNA)] ≈ 2.7. Thus, the relative affinities of XPC-

RAD23B for all six DNA adducts studied relative to unmodified DNA is only 2 – 4 times

greater than for unmodified DNA.

Effects of high salt concentration on XPC-RAD23B binding

Finally, we also investigated the effects of salt concentration on the binding of XPC-

RAD23B. This experiment was prompted by the finding that electrostatic binding

mechanisms contribute to the binding of RAD4-RAD23B [18], the yeast homolog of XPC,

to double-stranded DNA. Such mechanisms are predicted to be sensitive to ionic strengths.

An example of the binding of XPC-RAD23B to modified 50-mer duplexes and duplexes

containing either the S-trans- or the R-cis-B[a]P-G adduct is shown in Figure 8B. This

example shows that, at a 225 mM concentration of NaCl, non-specific binding to

unmodified DNA is indeed strongly reduced, while the binding to the modified duplexes is

clearly significantly higher. However, as expected from the competition experiments shown

in Figure 8A, again there is no difference in binding of XPC-RAD23B to duplexes with the
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stereoisomeric cis- and trans- B[a]P-G adducts that are characterized by very different

adduct conformations (Figure 2).

DISCUSSION

The determination of accurate binding affinities of XPC-RAD23B to DNA containing

different types of bulky adducts is complicated by the strong non-specific binding of this

protein heterodimer to unmodified DNA. Thus, the measured extents of overall binding are

likely to depend on the lengths of the DNA duplexes, and the binding of more than one

heterodimeric protein molecule to the same duplex. It is shown in Figure 8B that non-

specific binding can be strongly suppressed at high salt concentrations (225 mM) which,

however, is higher than physiological salt concentration. At physiological salt

concentrations of 150 mM, the discrimination of XPC-RAD23B binding between

unmodified and modified DNA is only somewhat better than at the 75 mM salt

concentrations used in the studies described here (data not shown).

Comparisons of XPC-RAD23B binding and NER activities

The binding curves shown in Figure 4, as well as the effects of unmodified competitor DNA

on XPC-RAD23B binding (Figure 8A), unambiguously demonstrate that there is no

measurable difference in the binding affinities of XPC-RAD23B to 50-mer duplexes

containing either the R-cis- or the S-trans-B[a]P-G adducts. Nevertheless, the NER cleavage

efficiencies are greater by a factor of five in the case of the base-displaced intercalated R-

cis-B[a]P-G adduct than in the case of the stereoisomeric minor groove S-trans-B[a]P-G

adduct [19] (Figure 3). Thus, the XPC-RAD23B binding affinities are not correlated with

the NER dual excision efficiencies in this case. Interestingly, EMSA experiments with

shorter DNA duplexes have shown that the S-trans-B[a]P-G adduct causes a significant

bending/flexible hinge joint in double-stranded DNA, while the R-cis-B[a]P-G adduct does

not [46, 47]. Thus, in this case, bending caused by the S-trans-B[a]P-G adduct is not

correlated either with XPC-RAD23B binding (as recently suggested for other forms of DNA

damage [45]), nor NER cleavage efficiencies.

The binding affinities of the R-trans- and S-trans-DB[a,l]P-G adducts are also not

distinguishable from one another (Figure 5 and Figure 7, panels B, C and G). However, the

NER cleavage efficiencies are ~ 3.5 times greater in the case of the R-trans- than the S-

trans-DB[a,l]P-G adduct [21]. In the case of the stereioisomeric R-trans- and S-trans-

DB[a,l]P-A adducts, the binding curves are practically indistinguishable from the binding

curve of unmodified DNA (Figure 6). These observations are consistent with the almost

complete resistance of these adenine adducts to NER [21] (Figure 3). However, the

competition experiments in Figure 7 demonstrate that the binding affinities of these adducts

are significantly higher than in the case of unmodified DNA.

Implications

Taken together, our observations with three sets of stereoisomeric bulky DNA adducts show

that XPC-RAD23B binding tends to be independent of adduct stereochemistry and

conformations in double-stranded DNA, while the same features of these DNA adducts lead
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to distinct and remarkable differences in cleavage efficiencies. Chazin and coworkers have

used high throughput fluorescence anisotropy to measure the binding affinity of XPC-

RAD23B to a number of DNA lesions subject to NER and also find that the lesion identity

has little effect on the XPC-RAD23B binding affinity [48].

Sugasawa has discussed two forms of binding of XPC-RAD23B; one of these is productive

in terms of the subsequent strand opening catalyzed by the helicase XPD which is part of the

TFIIH multiprotein complex. The other form is non-productive because the XPC molecule is

bound to the lesioned rather than the complementary unmodified strand, pointing in the

opposite direction from the productive complex; this binding mode is not consistent with the

5’→3’ translocation directionality of the ATP-driven strand opening helicase XPD [17, 49].

We speculate that the dominance of one type of XPC orientation over the other could play a

role in governing the subsequent steps that lead to the dual incisions of the damaged strand.

Among these are the recruitment of TFIIH by the XPC-damaged DNA complex, the

orientation of this multi-protein complex relative to the translocation of XPD, or subsequent

details of the verification step. These fascinating possibilities remain to be elucidated and

point to the need for investigating the effects of DNA adduct structure and conformation on

the recruitment of TFIIH by the XPC-RAD23B -DNA adduct complexes, and the

mechanistic features of the subsequent verification step. These are the critical steps that

govern the secrets underlying the striking differences in NER cleavage efficiencies (Figure

3), which characterize the processing of the structurally related pairs of stereoisomeric and

structurally different DNA adducts by the NER apparatus.

Correlations between XPC-RAD23B binding and NER activities

While we have uncovered a set of bulky lesions that exhibit little or no correlation between

NER cleavage efficiencies and XPC-RAD23B binding, there are other well-known types of

DNA lesions that do exhibit a correlation between XPC-RAD23B binding and NER

efficiencies. Some examples are summarized in the following paragraph.

1. The thymine dimer 6-4 and CPD UV photoproducts. XPC-RAD23B binds to 6-4

lesions, but weakly to CPD [39, 44], and the 6-4 photoproduct is also a much better

NER substrate than CPD (e.g.,[39]). However, in duplexes with mismatched (MM)

bases in the partner strand opposite to a CPD thymine dimer, the XPC-RAD23B

binding is strongly enhanced and NER activities are similar to those observed in

full duplexes containing the 6-4 lesions.

2. Acetylaminofluorene (AAF)-C8-guanine (AAF-G) and aminofluorene (AF)-C8-

guanine (AF-G) adducts. The NER excision efficiencies of adducts have been

found to be correlated with the binding affinities of XPC-RAD23B [10].

3. AAF-G adducts embedded in bubbles. Embedding AAF-G adducts within DNA

duplex regions containing 3 or 5 mismatched base pairs (‘bubbles’) strongly

enhances both XPC-RAD23B binding as well as the NER activity in cell-free

extracts [39](relative to the adduct in normal double-stranded DNA ).

4. Aristolochic acid-derived DNA adducts. These adducts are NER-resistant and

XPC-RAD23B binds poorly to these lesions, but in duplexes with three
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mismatched cytosines opposite the lesions, both XPC-RAD23B binding and the

NER activities are restored [50].

5. cisplatin-derived lesions. The cis-Pt G*TG* intrastrand cross-linked lesion has a

high affinity for XPC-RAD23B and is an excellent NER substrate [40].

Mode of binding of XPC-RAD23B to modified DNA—Min and Pavletich

demonstrated that the yeast homolog of XPC-RAD23B, Rad4-Rad23, in complex with a cis-

syn thymine dimer-containing duplex, forms contacts only with the unmodified strand at the

site of the lesion [18]. Remarkably, this protein is positioned almost entirely on the 3’-side

of the lesion. A portion of the Rad4 protein (TGD and the β-hairpin BHD1) binds non-

specifically to both strands of an unmodified 11-mer region of the 24-mer duplex, while

hairpins BHD2 and BHD3 bind specifically to a four base pair region around the site of the

lesion; BHD3 is inserted from the major groove side between the two DNA strands and two

mismatched thymine partner bases opposite the lesion are flipped into a binding pocket of

the protein while the lesion is also extruded.

An opportunity is provided by this crystal structure to hypothesize on how productive lesion

recognition may occur with intercalated adducts that are repair susceptible. With the

approach of the BHD3 β-hairpin from the major groove side, it appears that partner flipping

and lesion extrusion should take the minor groove route to avoid steric clashes with the

incoming hairpin. In Figure 9A we have utilized the NMR solution structure of the well-

repaired[21] R-trans-DB[a,l]P-G lesion [35] that is intercalated into the DNA duplex from

the minor groove side, and the structure of the apo Rad4-Rad23 crystal (PDB ID: 2QSF,

[18]) to illustrate the pre-bound states of the damaged duplex and the Rad4-Rad23. In Figure

9B, we have modeled (details given in Cai et al. 11]) an extruded structure for the R-trans-

DB[a,l]P-G lesion based on the thymine dimer- containing crystal structure of Rad4-Rad23

(PDB ID: 2QSG, [18]). We envision that the BHD3 β-hairpin intrusion through the major

groove expels the minor grove intercalated lesion via the minor groove route (Figure 9). We

have speculated that the repair-resistant DB[a,l]P-A adducts that are intercalated into the

DNA duplex from the major groove [36] may sterically impede BHD3 intrusion [11]. Future

studies will provide essential insights on how productive recognition of bulky PAH-derived

lesions by XPC-RAD23B occurs and how XPC-RAD23B interacts with such repair-resistant

lesions.

Productive and unproductive modes of binding of XPC-RAD23B—Using

predominantly biochemical footprinting experiments, Sugasawa et al.[17, 51] showed that

the binding of XPC to lesions is asymmetric and can occur in two different ways as

mentioned above. In the productive binding mode, the XPC is bound to the undamaged

strand; this leads to the 5’→3’ translocation and strand opening catalyzed by XPD in TFIIH

that yields the dual incisions. In the non-productive binding mode, the XPC is bound to the

damaged strand, faces in the opposite direction as in productive binding, and does not lead

to lesion excision. From the crystal structure of Rad4-Rad23 [18] it is clear that the

productive binding mode has the N terminus of the protein facing the 3’-side of the

unmodified strand; this would orient the N terminus in the non-productive binding mode to

the 5’-side of the unmodified strand but bound to the damaged strand and incapable of
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verifying the lesion by XPD translocation and stalling [2, 52]. Our studies reveal that

binding does not correlate with NER cleavage efficiencies for our series of lesions, and that

there is binding of more than one XPC molecule. These experimental observations may

provide rich opportunities for future elucidation of productive and nonproductive binding

modes of XPC-RAD23B and their relation to cleavage efficiencies.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Abbreviations

NER nucleotide excision repair

PAH polycyclic aromatic hydrocarbon

B[a]P benzo[a]pyrene

DB[a,l]P dibenzo[a,l]pyrene

S-trans-DB[a,l]P-G/A 14S (–)-trans-anti-DB[a,l]P-G/A

R-trans-DB[a,l]P-G/A 14R (+)- trans-anti-DB[a,l]P-G/A

S-trans-B[a]P-G 10S (+)-trans-anti-B[a]P-G

R-cis-B[a]P-G 10R (+)-cis-anti-B[a]P-G

B[a]PDE (+)-7R,8S-dihydrodiol-9S,10R-epoxy-7,8,9,10-tetrahydro-B[a]P

DB[a,l]PDE (−)-11R,12S-dihydrodiol-13S,14R-epoxy-7,8,9,10-tetrahydro-

DB[a,l]P

EMSA electrophoretic mobility shift assays

AAF acetylaminofluorene

AAF-G AAF-C8-guanine

AF aminofluorene

AF-G AF-C8-guanine

BHD β-hairpin domain
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Figure 1.
Chemical structures of DNA adducts investigated.
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Figure 2.
Structures of lesion-containing duplexes. NMR solution structures: S-trans-B[a]P-G [31], R-

cis- B[a]P-G [30], R-trans-DB[a,l]P-G [35], S-trans-DB[a,l]P-G [33, 34]. Modeled

structures: R-trans-DB[a,l]P-A, and S-trans-DB[a,l]P-A [36].
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Figure 3.
Relative dual incision efficiencies of 135-mer duplexes containing different DNA adducts

determined in cell-free HeLa cell extracts. The data for the B[a]P-G adducts are from Hess

et al. [22] and Mocquet et al [23], and for the DB[a,l]P-G/A data are from Kropachev et al.

[21].
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Figure 4.
Typical EMSA experiments demonstrating the binding of XPC-RAD23B to 50-mer (A)

unmodified duplexes or (B) with single R-cis-B[a]P-G or (C) S-trans-B[a]P-G adducts in

native 4.5% polyacrylamide gels. (D) Quantitative analysis of fractions of DNA molecules

in complexes with XPC-RAD23B. The results for the cis- and trans-adducts were

indistinguishable from one another within experimental error, and thus only the averages are

shown (black squares). Each point and associated error bar were derived from four data

points in each case (including the results for the unmodified duplexes, open circles). Solid
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and dashed lines are the best fits to the Hill equation based on the Hill independent bimodal

binding of XPC-RAD23B to DNA (Eq. 1) with KD = (KD1KD2)1/2 = 1.2 ± 0.6 nM

(unmodified duplex), 0.67±0.20 nM R-cis- and S-trans-B[a]P-G duplexes
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Figure 5.
Typical EMSA experiments demonstrating the binding of XPC-RAD23B to 50-mer (A)

unmodified duplexes or (B) with single S-trans-DB[a,l]P-G or (C) R-trans-DB[a,l]P-G

adducts in native 4.5% polyacrylamide gels. (D) Quantitative analysis of fractions of DNA

molecules in complexes with XPC-RAD23B as described in the case of Figure 4, but with

KD = (KD1KD2)1/2 = 0.67±0.20 nM. The results obtained with the two stereoisomeric

adducts were identical to one another within experimental error.
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Figure 6.
Typical EMSA experiments demonstrating the binding of XPC-RAD23B to 50-mer (A)

unmodified duplexes or (B) with single S-trans-DB[a,l]P-A or (C) R-trans-DB[a,l]P-A

adducts in native 4.5% polyacrylamide gels. (D) Quantitative analysis of fractions of DNA

molecules in complexes with XPC-RAD23B as described in the case of Figure 4, with KD =

(KD1KD2)1/2 = 1.2±0.75 nM (DB[a,l]P-A) nM. The results obtained with the two

stereoisomeric adducts were identical to one another within experimental error.
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Figure 7.
Competition binding experiments. (A) – (H): EMSA experiments as in Figure 4, except that

the unmodified and unlabeled 50-mer duplexes were first mixed with XPC-RAD23B at the

concentrations indicated, allowed to equilibrate for 10 min; then the 32P-endlabeled

unmodified duplexes (panels A and D), or the same duplexes bearing single stereoisomeric

S-trans- or R-trans-DB[a,l]P-G adducts (B and C, respectively), or S-trans- or R-trans-

DB[a,l]P-A (panels D and E, respectively) were added at the indicated concentrations.
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Figure 8.
(A) Example of effects of a large excess of unlabeled and unmodified 50-mer duplexes (500

nM) on the binding of XPC-RAD23B to 32P-labeled 1 nM unmodified 50-mer duplexes

(open squares), or identical duplexes but with single R-cis-B[a]P-G (black circles) or S-

trans-B[a]P-G (black squares). (B) Effects of NaCl (225 mM) on the binding of XPC-

RAD23B to 32P-labeled unmodified 50-mer DNA duplexes (open squares), or to 32P-labeled

modified 50-mer DNA duplexes with R-cis-B[a]P-G (open circles) or with S-trans-B[a]P-G

duplexes (black squares).
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Figure 9.
Structural models to illustrate the productive binding of the yeast Rad4/Rad23 apo enzyme

to duplex DNA containing the R-trans-DB[a,l]P-G lesion intercalated from the minor

groove; the latter is a very good NER substrate [21]. (A) NMR solution structure of the R-

trans-DB[a,l]P-G lesion (PDB [53] ID: 2LZK, [35]) with the apo Rad4/Rad23 heterodimer

before binding (PDB ID: 2QSF, [18]) positioned to initiate the insertion of the BHD3 β–

hairpin from the major groove (red arrow), with extrusion of the lesion and its 3’ adjacent

dC through the minor groove (pink arrow). The model was created by superposing,

respectively, the TGD domain of the apo enzyme and the NMR structure of the R-trans-

DB[a,l]P-G lesion-containing DNA, to the TGD domain and the DNA backbone of 6 base

pairs around the lesion site in the complex crystal structure (PDB ID: 2QSG, [18]). (B) the

BHD3 hairpin loop has inserted into the duplex from the major groove side and extruded the

R-trans-DB[a,l]P-G stacked with its 3’ adjacent dC (purple in A and B) through the minor

groove. The Rad4/Rad23 complex containing a cis-syn thymine dimer (PDB ID: 2QSG,

[18]) was remodeled to replace the thymine dimer (whose coordinates were missing) with

the R-trans-DB[a,l]P-G-C dinucleotide from the NMR structure (PDB ID:2LZK, [35])

followed by 10 ns of molecular dynamics simulation [11] The missing BHD3 hairpin loop in

(A) was modeled based on its structure in (B). This model suggests how productive binding

may take place for a well-repaired PAH-derived NER substrate.
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