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5,6-Dihydrouracil (DHU, Figure 1), formed in substantial
amounts by ionizing radiation damage to cytosine under anoxic
conditions,1 is highly mutagenic at both replication and transcrip-
tion levels.2,3 DHU is a substrate for theEscherichia coli
endonuclease III (Nth), a DNA base excision repairN-glycosylase
found in several species including humans.4-6 Nth enzymes,
highly conserved structurally and functionally throughout nature,
initiate repair of many types of toxic and mutagenic pyrimidine
base damage.

No data describing the effect of DHU on the structure of a
DNA duplex have been reported. DHU is sensitive to strongly
basic conditions,7,8 making deprotection of a phosphoramidite-
synthesized oligonucleotide challenging. Procedures for obtaining
DHU-containing oligonucleotides for enzymatic assays are im-
practical for obtaining quantities needed for NMR spectroscopy.2,4-6

The self-complementary 14-mer, 5′-d(C1G2C3G4A5C6A7T8G9T10-
DHU11G12C13G14)-3′ (DHU-14) was synthesized in adequate
quantities by a superior route using DHU, phenoxyacetyl-protected
G and A, and acetyl-protected C phosphoramidites, and depro-
tected by using K2CO3 in anhydrous methanol at room temper-
ature. These mild deprotection conditions afforded only one 14-
mer, which could be altered under more basic conditions.9 1H
NMR and MALDI MS data confirm that unchanged DHU is
present inDHU-14 (m/z+ Calcd: 4266.4. Found: 4267.1).

The human nucleotide excision repair protein XPG has been
implicated as a cofactor for human Nth1 recognition and binding
to both DHU- and thymine glycol (Tg)-containing substrates.10

Tg,11-13 produced by oxidizing agents and radiation,1,6,10is similar

to DHU in that both are saturated, nonplanar bases. Thus, it was
of particular interest to compare the structures of duplexes with
DHU and Tg. The possibility of a common structural basis for
the efficient recognition and excision of DHU and Tg by Nth
proteins has not been directly investigated. XPG alone has been
shown to cleave small non-hydrogen-bonded bulged structures
in DNA.14 A Tg-containing 11-mer has an extrahelical Tg, causing
a significant distortion in the duplex.15,16 On this basis, it was
proposed that XPG might recognize extrahelical Tg, resembling
a small bulged structure, and bind to it preferentially over normal,
duplex B-DNA.10 We found thatE. coli Nth recognized and
cleaved the DHU site inDHU-14 (∼60% efficiency) but did not
cleave the undamagedC-14, [d(CGCGACATGTCGCG)]2. Thus,
DHU-14 represented an excellent model for further structural
investigation.

Downfield imino proton signals for the expected 6 (DHU-14)
and 7 (C-14) Watson-Crick base pairs were observed in H2O
(Figure 2, twoDHU-14 signals overlap at∼13.07 ppm). In
addition, two upfield imino proton signals were found forDHU-
14, indicating that these are G4 and DHU11 NH signals; this is
the first compelling evidence that DHU and its opposing G are
intrahelical, since NH signals from extrahelical bases are broad-
ened by exchange with water. More importantly, irradiation of
either upfield signal produced a large NOE to the other upfield
signal (Supporting Information). These data require that DHU11

and G4 are in close proximity, thus occupying primarily intrahe-
lical positions. Similar results were found for G-T or G-U
wobble base pairs.17,18 Only the terminal G14 imino signal had
broadened and disappeared for both duplexes at 25°C (not
shown), indicating that both are relatively stable (UVTm in 100
mM NaCl: 46°C for DHU-14, 50 °C for C-14).
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Figure 1. DHU11 puckering inDHU-14.

Figure 2. Imino proton spectrum (pH 6.5, 5°C) of 2 mM (strands)DHU-
14 (A) and C-14 (B). Imino signals were assigned as indicated by 1D
NOE experiments. Smaller signals in theDHU-14 spectrum indicate the
presence of another conformer, probably a hairpin.
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COSY and NOESY spectra (800 MHz, D2O) of DHU-14
exhibit cross-peaks among all four DHU11 base CH signals. The
two signals with stronger NOE cross-peaks to DHU11H1′ were
assigned to H6′s. NOE cross-peaks from the T10CH3 signal to
signals at 2.11 and 2.81 ppm assign these to H5a and H6a (Figure
1), respectively; the upfield shifts of these signals relative to the
respective 2.70 ppm H5b and 3.44 ppm H6b signals (probably
caused by shielding by the nearby T10 base) are consistent with
a G4-DHU11 wobble base pair (Figure 3). WATERGATE NOESY
data (H2O, Supporting Information) allow assignment of the
upfield G4N(1)H (10.39 ppm) and DHU11N(3)H (10.73 ppm)
signals through DHU11N(3)H NOE cross-peaks to the T10CH3 and
the four DHU base signals. The H5b signal had the strongest
NOE cross-peak, followed by the H5a signal. These NOE data
suggest the DHU ring pucker in Figure 1.

Base to H1′ (Supporting Information) and to H2′/2′′ NOE cross-
peaks were evident for all residues, suggesting a right-hand helix
for DHU-14. The base proton/H1′ intraresidue NOE cross-peaks
are weaker than the cytidine H5/H6 NOE cross-peaks, indicating
that the residues are allanti.19,20Molecular modeling calculations

performed without NMR-restraints predicted an N sugar for the
DHU residue in a G-DHU base pair in a duplex.21 However, the
similar intensities of base to H3′ NOE cross-peaks (Supporting
Information) and all H1′/H2′ COSY cross-peaks indicate an S
sugar pucker for all residues.

What is the structural basis for substrate recognition by the
Nth family of DNA repair enzymes? Our NMR data indicate that,
in contrast to the extrahelical Tg,15,16 no substantial structural
departures from normal, B-form DNA were caused by the
presence of two G-DHU wobble base pairs inDHU-14. Our
findings suggest that significant disruptions in the duplex structure
in the absence of bound repair enzyme are not likely key elements
for substrate recognition by the Nth family of enzymes. The XPG
protein improves binding of human Nth to damaged DNA and
greatly promotes activity on Tg and DHU, possibly by bending
DNA at damaged sites in order to expose the damaged base.10

Thus, for modified bases that are extrahelical (Tg) or intrahelical
(DHU), substrate recognition probably results from structural
changes induced following interaction between damaged DNA
and Nth and its homologues. Uracil-DNA glycosylase (UDG)
recognizes and removes uracil, a frequently occurring mutagenic
cytosine damage; the G-U base pair is also intrahelical.18,22

However, the X-ray crystal structure of UDG bound to an
oligonucleotide substrate showed that the cleaved uracil was in
the UDG binding pocket, suggesting that UDG flipped uracil out
from the major groove.23 Nth may have a similar base-flipping
mechanism and binding pocket for flipped-out damaged bases.

Acknowledgment. We thank Drs. John Glushka (CCRC, University
of Georgia) and Sekar Chandrasekaran (Georgia State University) for
assistance with 2D NMR experiments, Dr. Danny Jue at the CDC
Biotechnology Facility for MS data, and Dr. Robert Somers (Glen
Research) for helpful conversations. This work was supported by NIH
grant CA 73041 (NCI).

Supporting Information Available: Details of the synthesis, puri-
fication, NMR spectroscopy, and MALDI MS experiments; figures of
800 MHz1H-1H NOESY spectra, 600 MHz1H 1D NMR spectra, a UV-
shadowed gel, and an intra- vs extrahelical base scheme (PDF). This
material is available free of charge via the Internet at http://pubs.acs.org.

JA9920516
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Figure 3. Schematic representation of the G4-DHU11 wobble base pair
in DHU-14 and a G-T wobble base pair.
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