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ABSTRACT Mammalian nucleotide excision repair
(NER) eliminates carcinogen—-DNA adducts by double endo-
nucleolytic cleavage and subsequent release of 24-32 nucle-
otide-long single-stranded fragments. Here we manipulated
the deoxyribose—phosphate backbone of DNA to analyze the
mechanism by which damaged strands are discriminated as
substrates for dual incision. We found that human NER is
completely inactive on DNA duplexes containing single C4'-
modified backbone residues. However, the same C4’ backbone
variants, which by themselves do not perturb complementary
hydrogen bonds, induced strong NER reactions when incor-
porated into short segments of mispaired bases. No oligonu-
cleotide excision was detected when DNA contained abnormal
base pairs without concomitant changes in deoxyribose—
phosphate composition. Thus, neither C4’ backbone lesions
nor improper base pairing stimulated human NER, but the
combination of these two substrate alterations constituted an
extremely potent signal for double DNA incision. In summary,
we used C4'-modified backbone residues as molecular tools to
dissect DNA damage recognition by human NER into separate
components and identified a bipartite discrimination mech-
anism that requires changes in DNA chemistry with concur-
rent disruption of Watson—Crick base pairing.

Nucleotide excision repair (NER) in mammals is carried out by
the coordinated action of about 25 gene products (1, 2), many
of which have been identified by characterization of the human
cancer-prone disorder xeroderma pigmentosum (XP). Indi-
viduals afflicted by XP suffer from increased sensitivity to
sunlight and exhibit a high incidence of skin cancer. Certain
internal tumors also occur more frequently than in the general
population (3, 4). XP patients are unable to repair ultraviolet
(UV) radiation products and DNA adducts formed by chem-
ical carcinogens because of a NER deficiency that results from
mutations in one of seven genes, designated XPA4 through XPG
(4-6).

Initiation of mammalian NER involves several multimeric
factors, including a complex formed by XPA and the three
subunits of replication protein A (7), the XPC-HHR23B
heterodimer (8), and multiple subunits of transcription factor
ITH, primarily XPB, XPD, p62, and p44 (9-11). Damage
recognition and subsequent NER events mediated by these
proteins are poorly understood but are thought to culminate in
the formation of an unwound preincision complex flanked by
single-stranded to double-stranded DNA junctions on either
side of the targeted lesion (12, 13). Dual DNA incision at these
junctions by structure-specific endonucleases (XPF-ERCC1
and XPG) generates excision products of 24-32 residues in
length containing the damaged site (6, 14). DNA repair
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patches are then synthesized by DNA polymerase ¢ together
with its accessory factors, and strand continuity is reestab-
lished by DNA ligase I (2, 6).

DNA repair by oligonucleotide excision serves to eliminate
a wide diversity of chemically dissimilar base adducts (4, 15).
In vitro studies using human cell extracts have shown that the
broad substrate range of NER extends to sites where a base is
either lost (16) or replaced by synthetic organic derivatives
such as a cholesterol moiety (17). This striking substrate
versatility of mammalian NER prompted us to use DNA
backbone modifications to dissect its damage recognition
mechanism. As shown in Fig. 1, a series of novel backbone
derivatives was constructed by linking a selenophenyl or a
pivaloyl group to the C4' position of single deoxyribose
moieties or, alternatively, by inverting the stereochemistry at
the C4' position. This inverted deoxyribose residue may arise
in cellular DNA as a product of C4' radical attack following
exposure to ionizing radiation and other sources of oxygen
radicals (18), or by the action of bleomycin and related
compounds (19).

Enzymatic probing with model DNA polymerases showed
that oligomeric templates containing single C4’-modified
backbone residues retain the correct hydrogen bonding pattern
required for normal base pair complementarity (20). In this
report, we show that such site-directed C4' backbone modifi-
cations stimulate oligonucleotide excision in a NER-proficient
human cell extract only when incorporated into short segments
of mispaired bases. These results are consistent with a bipartite
substrate discrimination mechanism in which disruption of
complementary base pairing at sites of DNA damage consti-
tutes an essential determinant of recognition. As a direct
consequence of this damage recognition strategy, human NER
is preferentially recruited to potentially mutagenic DNA le-
sions that destabilize hydrogen bonding interactions between
complementary bases.

MATERIALS AND METHODS

Materials. Deoxynucleoside precursors containing C4’ sel-
enophenyl or pivaloyl substitutions, or a C4’ residue with
inverted configuration, were synthesized as described (20). All
three C4’-modified deoxynucleosides were tritylated at their
primary and phosphitylated at their secondary alcohol func-
tions to produce building blocks for automated oligonucleotide
synthesis. N-Acetoxy-2-acetylaminofluorene was purchased
from the National Cancer Institute Chemical Carcinogen
Repository. [y-**P]ATP (7,000 Ci/mmol; 1 Ci = 37 GBq) was
from ICN. T4 polynucleotide kinase and T4 DNA ligase were
from GIBCO/BRL.

Substrates. The 19-mer 5'-ACCACCCTT?°CG!'A?ACCA-
CAC-3' was reacted with N-acetoxy-2-acetylaminofluorene to

Abbreviations: AAF, acetylaminofluorene; NER, nucleotide excision
repair; T, melting temperature; XP, xeroderma pigmentosum.
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FiG. 1. Structure of C4’-modified backbone residues used in this
study. A series of novel excision repair substrates was obtained by
manipulating the C4' position of a single deoxyribose moiety in the
sugar—phosphate backbone.

form an acetylaminofluorene (AAF) adduct at the single
guanine (G!) residue (21). Oligonucleotides with the same
sequence but containing either a C4’ selenophenyl adduct at
position A2, a C4’ inversion at the same position A% or a C4’
pivaloyl adduct at position T° were synthesized by the cyano-
ethyl phosphoramidite method using appropriate building
blocks (20). Internally labeled double-stranded DNA frag-
ments of 147 bp were constructed by ligating these 19-mer
sequences with five other partially overlapping oligonucleo-
tides as indicated in Fig. 2 (21). Sequence heterologies were
constructed by appropriate base replacements in the unmod-
ified strand.

ACCACCCTT°CG"'A'?’ACCACAC
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Fic. 2. Schematic representation of the oligonucleotide excision
assay. (A4) Internally labeled duplexes of 147 bp were assembled from
six different oligonucleotides (their lengths are shown in parentheses).
The central 19-mer contained one of the following modifications
(indicated by the asterisk): an AAF-C8-guanine adduct at position
G, a C4’ selenophenyl or C4’ inversion in the backbone of position
A2, or a C4’ pivaloyl residue in the backbone of position T°. Control
substrate was constructed with unmodified 19-mers. Prior to ligation,
the central 19-mer was 5’ end-labeled with 32P[ATP], whereas the
other five components were phosphorylated with nonradioactive ATP.
Alternatively, the complementary 27-mer was radiolabeled to test
strand selectivity of oligonucleotide excision. (B) After ligation and
electrophoretic purification, the resulting 147-mer duplex substrate
contained an internal radiolabel near the site-directed modification.
The arrows indicate the expected major sites of dual DNA incision by
human NER. Typically, this endonucleolytic cleavage reaction gener-
ates a ladder of radiolabeled excision products in the range of 24-32
nucleotides in length (7, 14, 16).
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Cell-Free Extracts and Excision Repair Assay. Soluble
extracts were prepared as described (22) from the following
sources: HeLa, human XP-A (GM2250), the NER-proficient
mouse cell lines F20 (23) and wild-type MEF (24), or the
XPA-deficient mouse cell line MEF (XPA —/—) (24). Oligo-
nucleotide excision assays were performed by incubating cell
extract (50 pg of proteins) with internally labeled DNA
fragments of 147 bp (4-6 fmol, ~75,000 dpm) at 30°C.
Reaction conditions were as described (21). The resulting
excision products were resolved on 10% polyacrylamide de-
naturing gels, visualized by autoradiography, and subsequently
analyzed by laser scanning densitometry (Molecular Dynamics
Computing Densitometer with IMAGEQUANT software). NER
activity is expressed as the percentage of excised substrate
molecules after reactions of 40 min. The radiolabeled 19-mer
was used as a size marker.

Temperature-Dependent UV Spectroscopy. Melting tem-
peratures (Ty,) of DNA duplexes (1.6 uM) consisting of the
central 19-mer annealed to the corresponding 27-mer se-
quences (Fig. 2) were determined on a Perkin—Elmer Lambda
2 UV/VIS Spectrometer. Buffer conditions were equivalent to
those employed in the excision assay.

RESULTS

Oligonucleotide Excision Reaction. NER activity was mea-
sured in vitro using the excision assay devised by Huang ef al.
(14, 16), who exploited the dual DNA incision pattern of
human NER for analytical purposes. Site-specifically modified
DNA substrates of 147 bp were constructed as illustrated in
Fig. 2. Prior to ligation, the central 19-mer was labeled with
32P[ATP] at its 5’ end, such that the resulting 147-mer duplex
contained an internal radiolabel in the vicinity of the site-
directed modification (Fig. 2). After purification, the double-
stranded fragments were incubated with a standard NER-
competent HeLa cell extract (14, 22) in the presence of ATP
and all four deoxynucleoside triphosphates. Damage-specific
dual DNA incision by human NER generates radioactive
products of 24-32 nucleotides in length (6, 14, 16), which were
resolved by denaturing gel electrophoresis and visualized by
autoradiography.

In vitro repair reactions performed with linear 147-mer
substrate containing a site-directed A AF-C3-guanine adduct
yielded specific excision products that migrated in the poly-
acrylamide gel as an oligomeric ladder with major lengths
ranging from 25 to about 30 nucleotides (Fig. 3, lane 2). Low
amounts of smaller fragments result from degradation of the
main excision products by nucleases that are present in the
crude cell-free extract (14, 16). This characteristic oligonucle-
otide excision pattern was highly reproducible when indepen-
dent preparations of AAF-modified substrate or HeLa cell
extract were tested. In contrast, no excision products were
released from undamaged control substrates (Fig. 3, lanes 1
and 3), although intact 147-mer substrate as well as radioactive
bands generated by nonspecific nuclease activity can be ob-
served at similar levels at the top of the gel.

Initiation of Human NER at Selenophenyl or Inverted C4'
Backbone Residues. The representative polyacrylamide gel of
Fig. 3 shows the lack of oligonucleotide excision products after
incubation of DNA substrates containing either a C4’ seleno-
phenyl-adducted or a C4'-inverted backbone residue with
HeLa cell extract (lanes 8 and 5, respectively). These reaction
products with C4’-modified substrates were indistinguishable
from those obtained with unmodified control substrate (lanes
1 and 3). Surprisingly, human NER was able to catalyze high
levels of oligonucleotide excision when these single C4'-
modified backbone residues were incorporated into 3-nucle-
otide-long segments of mispaired bases (Fig. 3, lanes 7 and 10).
The resulting excision products were of a similar size range as
those induced by the A AF-C8-guanine adduct, and contained
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FiG. 3. Initiation of human NER at site-directed selenophenyl or
inverted C4’ backbone modifications. Excision repair reactions in
HeLa cell extract were performed for 40 min at 30°C. The tested
lesions and their sequence context in the duplex substrate are indi-
cated, with the asterisks denoting the site of C4’ backbone modifica-
tion. The size of oligonucleotide excision products was estimated from
a 19-mer marker that is identical to the unmodified 19-mer used to
construct the substrates. Lane 2 shows a control reaction with a
site-specific AAF-C8-guanine lesion.

a major oligomeric component of 27-28 nucleotides in length.
A weak but nevertheless detectable excision reaction was also
observed when the same C4’-modified deoxyribose residues
were combined with a single mismatch (Fig. 3, lanes 6 and 9).
In contrast, 3-nucleotide-long sequence heterologies (lane 4)
or single mispaired bases alone (Table 1) failed to induce
detectable levels of NER activity.

Time course experiments in HeLa cell extract showed a
progressive increase of oligonucleotide excision products when
either a single C4’ selenophenyl adduct or a single C4'-
inverted backbone residue were located within the 3-nucleo-
tide-long mispaired sequence (Fig. 4, lanes 2, 5, and 8). Lower
amounts of excision products accumulated in a time-
dependent manner when the C4’ selenophenyl adduct or the
C4' inversion were combined with a single mismatch (Fig. 4,
lanes 1, 4, and 7). In parallel control reactions, we consistently
found that mispaired bases in the absence of C4’ substrate
modifications failed to stimulate human NER (Fig. 4, lanes 3,
6, and 9).

Initiation of Human NER at a Single Pivaloyl C4’ Backbone
Adduct. It appears that human NER is able to process C4’
modifications, but only when these backbone lesions are
accompanied by concomitant disruption of base pairing. To
support this conclusion, we tested another C4’ variant in a
neighboring sequence context of our substrates. A fully com-
plementary DNA duplex containing a site-specific C4' pivaloyl
adduct yielded no oligonucleotide excision in HeLa cell extract
(Fig. 5, lane 3). However, NER was activated when the same
C4' pivaloyl adduct was combined with a 3-nucleotide-long
sequence heterology (lanes 4 and 5). The resulting excision
products were slightly shorter than those induced by AAF-
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C8—guanine (lane 6) and consisted mainly of oligomers that
ranged in size from 25 to 29 residues. In control reactions, we
confirmed that DNA duplexes containing three mispaired
bases alone (Fig. 5, lane 2) failed to stimulate oligonucleotide
excision. NER activity in response to the C4' pivaloyl modi-
fication within sites of improper base pairing was also deter-
mined in time course experiments (Fig. 6). The strand selec-
tivity of NER in HeL a cell extract was established using DNA
duplexes in which the unmodified partner strand was radiola-
beled opposite to a base or backbone lesion. For that purpose,
the central 27-mer oligonucleotide complementary to the
modified 19-mer was 5’ end-labeled with 3?P[ATP] prior to
annealing and ligation, as indicated in Fig. 2. Consistent with
previous reports (25, 26), we observed that excision repair of
substrates containing either an A AF—C8-guanine adduct or a
combination of C4’ pivaloyl adduct with three mismatches was
restricted to the modified strand. In additional control exper-
iments, we detected excision products of a nearly identical
oligonucleotide pattern when the C4’ pivaloyl adduct was
located within mispaired bases and incubated in NER-
competent extracts from the mouse fibroblast cell lines F20 or
wild-type MEF. Importantly, this lesion was not excised in
extracts prepared from NER-deficient human XP-A or mouse
MEF (XPA -/-) cells (gels not shown).

Bipartite Substrate Discrimination. NER activity was quan-
tified by monitoring the percentage of excised substrates using
laser scanning densitometry (Table 1). In parallel, the sub-
strates were characterized by assessing their Ty,s to confirm the
extent of base pair destabilization (Table 1). These evaluations
demonstrate that neither C4' backbone variants nor sites of
mispaired bases stimulated oligonucleotide excision to levels
that exceeded background radioactivity resulting from non-
specific degradation (on the average ~0.05% of total sub-
strate). Huang et al. (16) reported low levels (0.05-0.2%) of
excision when duplexes containing purine—purine mismatches
were incubated with HeLa cell extract and, in this study, we
found no detectable excision of mismatches involving mixed
purine—pyrimidine bases or multiple bases. In contrast, high
levels of excision repair activity (up to 12.53% of excised
substrate molecules in 40 min) were observed when C4’
backbone modifications were combined with improper base
pairing, indicating a dual requirement for covalent modifica-
tions of DNA chemistry with concomitant disruption of its
normal base pair configuration.

DISCUSSION

Efficient substrates of mammalian NER such as AAF-C8-
guanine adducts have been found to consist of covalent base
modifications that destabilize hydrogen bonding between com-
plementary bases, for example by extrahelical displacement of
the adducted base (27, 28). Additionally, we observed that
excision of AAF lesions is stimulated about 2.5-fold by inser-
tion of a single site of abnormal Watson—Crick hydrogen
bonding near the modification (M.T.H. and H.N., unpublished
results). This finding was confirmed by recent studies showing
that NER activity in response to UV radiation products or
cisplatin adducts is increased when these lesions are combined
with mismatches (26, 29). In this report, we used C4’ backbone
alterations as model lesions to uncouple covalent DNA mod-
ifications from their destabilizing effects on DNA secondary
structure and demonstrate an absolute requirement for im-
proper base pairing during the damage recognition process of
human NER.

Crystal and solution structure analysis of C4'-modified
nucleosides or their respective nucleotides revealed that these
residues adopt essentially the same conformation as unmod-
ified nucleotides in double-stranded DNA (30, 31). Also, C4’
modifications appear to exert minimal effects on the hydrogen
bonding geometry that mediates complementary base pairing,
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Table 1. Summary of substrates and oligonucleotide excision reactions

Sequence Covalent C4' AT, of 19-mer
context’ modification NER activity* duplexes$
*
CTTCGAAC C4' selenophenyl adduct =0.05% -0.9°C
GAAGCTTG
*
CTTC@AAC C4' selenophenyl adduct 1.01 £ 0.11% —9.0°C
GAAGETG
*
CTTCGAAC C4' selenophenyl adduct 7.34 = 0.88% —15.6°C
GAA@C(;G
k
CTTCGAAC C4' inversion =0.05% -1.2°C
GAAGCTTG
k
CTTC@AC C4’ inversion 0.46 + 0.08% ~7.5°C
GAAGETG
*
CTTCGAAC C4' inversion 4.55 = 0.37% —15.3°C
GAA@C(;G
CTTC@AC None =0.05% -8.3°C
GAAGETG
CTTEMC None =0.05% ~15.8°C
GAAGCG
*
CTTCGAAC C4' pivaloyl adduct =0.05% -1.0°C
GAAGCTTG
*
cTTCeAAC C4' pivaloyl adduct 12.53 = 2.93% —142°C
Gr{7CTTG
cTTCeaAC None =0.05% ~14.4°C
Gr{TCTTG

TAsterisks indicate the sites of C4' backbone modification

Fractions of excised fragments after 40 min at 30°C. Mean values of 4-7 determinations *SD. The
AAF-C8-guanine adduct in the same sequence yielded 3.99 + 1.20% excised duplexes.

§Changes in T, of the central 19-mer duplex were determined as indicated in Materials and Methods. T

of the unmodified duplex was 66.5°C.

presumably because of their particular localization diametri-
cally opposite to the a-glycosylic bond that links DNA bases to
the corresponding deoxyribose moieties (Fig. 2). In fact,
enzymatic probing with Klenow fragment or a 3'-5' exonu-
clease-deficient mutant showed that the coding ability of
template bases is not disturbed by C4’ deoxyribose manipu-

Time (min)

/ AT 4 \/ \
12345678910

10 20

. 19nt

Selenophenyl C4'

lations, indicating intact base pairing fidelity opposite such
backbone lesions (20). This conclusion is supported by the
observation that single C4’ modifications induce only marginal
changes in the Ty of 19-mer DNA duplexes. Similarly, C4’
variants do not further depress the Ty, of duplexes containing
mispaired bases (Table 1).

20 40 Lanes 1,4,7

! \ \/ \
12345678910
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Lanes 2,5, 8
*
cGRAC
- GaccG
Lanes 3, 6,9

cGRAC
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FiG. 4. Time course of oligonucleotide excision observed when a site-directed selenophenyl or inverted C4’ backbone modification were
incorporated within sites of one (lanes 1, 4, and 7) or three mispaired bases (lanes 2, 5, and 8). Control reactions contained substrates with the
three mispaired bases but no C4’ backbone lesion (lanes 3, 6, and 9). Only the bottom part of the gel is shown.
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FiG. 5. Initiation of human NER at a site-directed pivaloyl C4’
adduct. Excision repair reactions in HeLa cell extract were performed
for 40 min at 30°C. The sequence context is indicated, with the asterisks
denoting the site of C4’ backbone modification. Lanes 4 and 5 show
results obtained with two independent substrate preparations. The size
of oligonucleotide excision products was estimated from the same
19-mer marker used in the experiments of Fig. 3. For comparison, lane
6 represents a control reaction with the site-directed AAF-C8-
guanine adduct.

This report identifies two separate determinants for effec-
tive DNA incision, as neither the tested C4’ variants nor short
segments of mispaired bases were processed by human NER in
vitro. In combination, however, C4’ backbone lesions situated
within mispaired bases triggered strong NER reactions,
thereby generating standard oligonucleotide excision patterns.
Thus, endonucleolytic cleavage by human NER depends on a
bipartite discrimination mechanism that requires altered de-
oxyribonucleotide chemistry along with concurrent conforma-
tional changes that derange normal base pairing configura-
tions. The identification of these specific determinants of DNA
damage recognition has multiple implications. First, it pro-
vides a rational basis for educated predictions on the repair-
ability of carcinogen-DNA adducts, at least in those cases
where their effects on base pairing interactions have been
established by conformational analysis. Second, the bipartite
mode of substrate discrimination accounts for the failure of
intrinsically thermolabile sequences such as poly(dT) tracts or
base mismatches to induce significant NER responses (16).
Third, the bipartite mode of substrate discrimination is dif-
ferent from the mechanism of DNA damage recognition in
base excision repair, where DNA glycosylases recognize dam-
aged bases without a strict requirement for duplex destabili-
zation (32), or mismatch repair, which is active at sites of
mispaired bases in the absence of covalent alterations of DNA
constituents (33). Finally, the identification of two separate
determinants of damage recognition indicates that two distinct
sensors of DNA damage may coexist in mammalian NER. A
subset of known nucleotide excision repair factors consisting of
XPA and replication protein A have been shown to bind
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Time (min)
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=19 nt CTTC&
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F1G. 6. Time course of NER activity in response to a pivaloyl C4’
backbone adduct situated within sites of three mispaired bases (du-
plicates of independent substrate preparations). Lanes 3, 6, and 9 show
a time course performed with AAF-damaged substrate. Only the
bottom part of the gel containing the excision products is shown.

preferentially to damaged DNA (7, 34) and are potential
candidates for probing the stability of Watson—Crick base
pairs. These proteins may exploit their single-stranded DNA
binding activity (7, 35) to promote the assembly of preincision
complexes preferentially at sites of ruptured base pairing. The
paradigm of NER in Escherichia coli suggests, on the other
hand, that enzymes possessing DNA-dependent ATPase ac-
tivity (possibly XPB and XPD) may serve to probe the
chemical integrity of DNA substrates (36, 37). A hypothetical
scenario includes stalling of a DNA helicase component of
transcription factor IIH at sites of covalent damage. This
mechanism is suggested by experiments on Rad3 protein (the
conserved Saccharomyces cerevisiae homolog of XPD), show-
ing that this particular DNA helicase is extraordinarily sensi-
tive to covalent modifications affecting the bases (38) or the
DNA backbone (39). After arresting its DNA helicase activity,
Rad3 protein interacts stably with damaged strands (38) and,
therefore, provides a possible molecular basis for the forma-
tion of damage- and strand-specific preincision complexes.
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