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ABSTRACT: Ionizing radiation produces a distinctive pattern of bistranded clustered lesions in DNA. A
relatively low number of clustered lesions may be lethal to cells when compared to a larger number of single
lesions. Enzyme cleavage experiments suggest that the orientation of bistranded lesions causes differential
recognition and removal of these lesions. Like that of a previous study of bistranded abasic site lesion [Hazel,
R. D., Tian, K., and de los Santos, C. (2008) Biochemistry 47, 11909-11919], the aim of this investigation was
to determine the structures of two DNA duplexes each containing two synthetic apurinic/apyrimidinic (AP)
residues, positioned on opposite strands and separated by two base pairs. In the first duplex, the AP residues
are staggered in the 30 orientation [-3 duplex, (AP)2-3 duplex], while in the second duplex, the AP residues
are staggered in the 50 orientation [þ3 duplex, (AP)2þ3 duplex]. NOESY spectra recorded in 100 and 10%
D2O buffer solutions allowed the assignment of the nonexchangeable and exchangeable protons, respectively,
for each duplex. Cross-peak connectivity in the nonexchangeable proton spectra indicates that the duplex is a
regular right-handed helix with the AP residues and orphan bases located inside the duplexes. The
exchangeable proton spectra establish the formation of Watson-Crick G 3C alignment for the two base
pairs between the lesion sites in both duplexes. Distance-restrainedmolecular dynamics simulation confirmed
the intrahelical orientations of the AP residues. The proximity of the AP residues across the minor groove
of the -3 duplex and across the major groove in the þ3 duplex is similar to their locations in the case of -1
and þ1 clusters. This difference in structure may be a key factor in the differential recognition of bistranded
AP lesions by human AP endonuclease.

Ionizing radiation produces DNA damage either by direct
interaction with the DNA helix or via oxidative pathways
involving the formation of free radicals (1-3). The abasic site,
or apurinic/apyrimidinic (AP) lesion, is one of the many lesions
produced by ionizing radiation (1, 2). The mechanism for the
deposition of energy by ionizing radiation is unique in its ability
to produce clustered lesions, which are multiply damaged sites
(MDS) within one turn of theDNAhelix (4, 5). Bistranded abasic
clustered lesions are particularly noteworthy because their com-
plexity poses a serious challenge to DNA repair enzymes in cells;
lesions that are not repaired can be mutagenic, while misrepair
can lead to apoptosis, a fact that is exploited in radiation therapy
and chemotherapy for the treatment of cancer (6-8).

The orientation of clustered bistranded AP lesions affects the
efficiencyofDNArepair enzymes.Enzymatic studies exhibit differ-
ences in endonuclease activity depending on the arrangement of
theAP lesions (6-12).When bistrandedAP residues are staggered
in the 30 orientation and positioned one or three residues apart
(-1 or-3 lesion), humanAP endonuclease 1 (hApe1) cleaves less
than 10% of either AP residue (8). However, when the bistranded

AP residues are staggered in the 50 orientation (þ1 or þ3 lesion),
the enzyme exhibits significant cleavage of the AP residues, similar
to that observed for a single-AP lesion duplex (8). Similar obser-
vations have been made with bistranded lesions located up to five
nucleotides away (9, 10), while those lesions located seven or more
nucleotides away are processed normally with an efficiency similar
to that of a single AP lesion.

The difference in DNA structure is hypothesized to be the
cause of differential cleavage and repair of bistranded clustered
lesions. In studies similar to ours, the structures of two pairs of
DNA 13-mer duplexes containing 30- and 50-oriented (-1 andþ1
duplexes, respectively) bistranded AP lesions have been deter-
mined (8, 13). In one study, the abasic residues were separated
by aG 3Amismatched pair in the central sequences d(T-G-F-G) 3
d(A-F-A-C) and d(G-F-G-T) 3 d(C-A-F-A), respectively. Those
results indicated that the AP residues are arranged in extrahelical
bulges with the formation of a G 3A mismatched pair that is
coplanar in the -1 duplex, but with the G and A interca-
lated into the helix in the þ1 duplex. In the second study, the
impact on the structure and stability of a Watson-Crick G 3C
base pair at the center of the helix was investigated in the solution
structure of a pair of related 13-mer duplexes having -1 and þ1
bistranded AP clusters (8). In this case, the central G 3C base pair
adds stability to the helix at the lesion site while the AP residues
are aligned with the backbone and located on either side of the
minor groove in the -1 duplex or located in an extrahelical
orientation on the major groove of the þ1 duplex.
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The aim of this study is to further investigate the difference in
DNA structure between 30- and 50-oriented bistranded AP clus-
ters that are three base pairs apart. We have chosen for synthe-
sis (14) a -3 duplex, designated (AP)2-3 duplex, and a þ3
duplex, designated (AP)2þ3 duplex, with bistranded THF abasic
sites (Figure 1) and compare our results to those of previous
studies. While the mechanism of differential recognition and
cleavage inhibition of clustered AP lesions remains unresolved,
the solution structures of these clustered lesions contribute to
further elucidation of this phenomenon.

MATERIALS AND METHODS

Sample Preparation. AP duplexes were synthesized via the
phosphoramidite chemistry method, incorporating a THF residue
as previously described (14). Samples were purified via reverse
phase HPLC and desalting using a Sephadex G-25 column, and
conversion to the sodium saltwas achievedwith aDowex 50Wcat-
ion exchange column (8). Complementary strands of each duplex
were annealed after using Gene Runner version 3.0 (Hasting
Software Inc.) and taking UV absorption measurements at
260 Å to determine the amount of each strand that would yield
a 1:1 stoichiometry. Sampleswere then lyophilized anddissolved in
0.7 mL of 25 mM phosphate buffer (pH 6.8) containing 50 mM
NaCl and 0.5 mM EDTA in 99.96% D2O or a 90% H2O/10%
D2O mixture.
NMR Methods. Both one-dimensional (1D) and two-

dimensional (2D) NMR spectra were recorded using a 600 MHz
or 500 MHz Varian NMR spectrometer. Proton spectra were
recorded for samples dissolved in 99.96% D2O at 15 �C and in a
90% H2O/10% D2O mixture at 1 �C. NOESY (15) spectra in
100% D2O were recorded with mixing times of 50, 100, 200, and
300 ms for distance estimates and proton assignment. COSY,
DQF-COSY, andTOCSY (mixing times of 60 and 120ms) spectra
were recorded to aid in proton assignment. The repetition delay for
2D spectra collected with the sample dissolved inD2O at 25 �Cwas
1.4 s, during which time a saturation pulse was applied to suppress
the water signal. 1D spectra over the 5-35 �C temperature range
and 2D NOESY maps (mixing times of 120 and 220 ms) at 5 �C
were also recorded in 10% D2O using a jump-return reading
pulse (16). All 2D spectra consisted of 2048 and 300 complex data
points in the t2 and t1 dimensions, respectively. NMR spectra were
processed on a Silicon Graphics computer using Felix97 (Biosym).

Before the Fourier transformation was performed, time domain
data were multiplied by a sine-bell function and a convolution
function, if necessary for further water suppression. NOESY,
COSY, and TOCSY spectra recorded at room temperature were
used to deduce the sequence specific assignment of nonexchange-
able protons as previously described (17-19). The AP residues
were identified viaCOSY spectra by their distinctive sugar protons,
which appeared arounda chemical shift of 4.2 ppm.The 2D spectra
of exchangeable protons were used to verify the Watson-Crick
alignment of internal base pairs, while the 1D spectra were used to
measure the thermal stability of the duplexes.
Computational Methods. Computational modeling and

restrained molecular dynamics simulations were conducted on
SiliconGraphicsworkstationsusing Insight II (Accelrys, SanDeigo,
CA) and X-PLOR 3.1 (20), respectively. Structures were visu-
alized with Midas Plus (University of California, San Francisco,
Computer Graphics Laboratory), and helical parameters were
computed using Curves 5.1 (21, 22). Two initial models of each
duplex were constructed in Insight II, starting with 14-mer
A-form and B-formDNAduplexes and then replacing the purine
or pyrimidine moieties with a single proton to create the THF
residues. Initial models were minimized before molecular dyna-
mics were begun.

NOE cross-peak volumes were measured from all NOESY
spectra in D2O, and interproton distances were calculated for
each mixing time, using a relaxation protocol in X-PLOR. This
was done for each (AP)2 duplex by minimizing only the potential
energy of the B-form model duplex while adjusting only the
corresponding interproton distances of the model to fit the
experimental peak volumes within 0.5% error bounds. One set
of interproton distances was extracted from the model for each
mixing time, and then the four sets of distances were averaged to
produce a single set of interproton distance restraints for each
(AP)2 duplex. A 20% correction was applied to all experimental
distances to account for the underestimation of those distances
that are fixed by covalent geometry, such as cytosineH5-H6 and
sugar H20-H20 0 cross-peaks. A total of 533 NOE restraints for
the (AP)2-3 duplex and 554 NOE restraints for the (AP)2þ3
duplex were derived and used for restrained molecular dynamics
simulations.

The starting models of each (AP)2 duplex were then refined by
running restrained molecular dynamics simulations, which were
conducted in vacuumusing theCHARMall atom force field (23).
Distance bounds of(0.35 and(0.8 Å, for distances derived from
nonoverlapped and overlapped peaks, respectively, were en-
forced using a square well potential energy function. Watson-
Crick alignments deduced from NOESY spectra in H2O were
enforced by distance restraints with bounds of (0.1 Å, using
distances derived from X-ray crystallography. Backbone and
sugar pucker restraints were implemented as previously de-
scribed (8, 17). The four terminal residues of each duplex were
restrained in the C20-endo conformational range following the
analysis of COSY45 spectra (8, 24, 25). The SHAKE algorithm
was used to maintain the length of covalent bonds involving
protons (26). Partial atomic charges on the phosphates were
not reduced, leaving deoxynucleotide residues with a net charge
of -1.

The simulation protocol consisted of increasing the tempera-
ture of the structures from one of four initial starting values (150,
200, 250, and 300K) to a high temperature of 500K in 70 ps. The
scale of the NOE distance restraints was gradually increased as
the temperature was increased. Simulation continued at 500 K

FIGURE 1: Chemical structure of a stable AP site tetrahydrofuran
(THF) residue and DNA sequences of the (AP)2-3 duplex and the
(AP)2þ3 duplex. AP residues are denoted by the letter F.
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for 42, 44, 46, 48, and 50 ps for five separate simulations, after
which the system temperature was reduced to 300K in 40 ps. The
20 resulting structures were put through 120 ps of restrained
molecular dynamics at 300 K. Each structure was then subjected
to 1000 steps of energy minimization to produce a distance-
refined structure. Five final structures were chosen from the 20
structures for each (AP)2 duplex. These final structures showed
no NOE violations greater than 0.1 Å and exhibited pairwise
root-mean-square deviation (rmsd) measurements of e1.2 Å.
The low van der Waals energy for the refined structures was
achieved by lowering the penalty NOE function during the final
120 ps of restrained dynamics at room temperature.

RESULTS

Nonexchangeable Protons. (i) (AP)2-3 Duplex. The
expandedNOESY contourmap (mixing time of 300ms) showing
connectivity between the base (7.0-8.5 ppm) and the sugar H10

(5.2-6.4 ppm) protons at the lesion site of the (AP)2-3 duplex is
plotted in Figure 2. The complete walk around the expanded
NOESY plot of this same region is illustrated in Figure S1 of the
Supporting Information. Cross-peak connectivity between base
(pyrimidineH6/purineH8) protons and their ownand 50 flanking
sugar H10 protons indicates that the helix is right-handed in the
(AP)2-3 duplex. No inter-residue cross-peaks were observed
between the base and the sugar H10 protons across the lesion site,
indicating no through-space connectivity between the residues
separated by the AP sites. The missing cross-peaks between G8
and G10 and between A22 and A24 are indicated by arrows A
and B in Figure 2, respectively, and are consistent with the
arrangement of both AP residues inside the helix.

Cross-peaks between base H6/H8 protons and their own and
50 flanking sugar H20/200 protons provide further evidence of the
right handedness of the helix (Figure 3) for the (AP)2-3 duplex.
There are no cross-peaks connecting residues across the lesion
sites, indicating that no connectivity through space exists between
residues flanking the AP sites. Intraresidue cross-peaks are
observed between H30 protons and H20/20 0 protons of both F9
andF23, indicated by labels O, P, and P0 in Figure 3. Cross-peaks

consistent with intrahelical AP residues are observed between
residues G10 and F9 and between A24 and F23. These peaks
were between G10(H8) and F9(H20/20 0), labeled as peak E in
Figure 3, and on the complementary strand, two cross-peaks
existed between A24(H8) and F23(H20 0) and between A24(H8)
and F23(H20), labeled peaks B and B0 in Figure 3, respectively.

In the symmetrical base region of the NOESY spectrum, no
cross-peakwas observed between the residues flanking theAP sites,
which is again consistentwith theAP residues being inside the helix.
Also supporting the intrahelical arrangement of AP residues is the
existence of inter-residue cross-peaks between theAP site (H30,H40,
andH10/100) protons and the 30-flanking base protons (Figure S3 of
the Supporting Information). The sugar H10/10 0 protons of the
AP residues F9 and F23 are visible in COSY spectra but cannot be
stereospecifically assigned. These cross-peaks occur around a chem-
ical shift of 4.1-4.2 ppm. Cross-peaks between A24(H8) and
F23(H30), F23(H40), and F23(H10/10 0) are labeled peaks A-C,
respectively, in Figure S3 of the Supporting Information, and on
the complementary strand, cross-peaks between G10(H8) and
F9(H30), F9(H40), and F9(H10/10 0) are labeled peaks D-F, respec-
tively, in Figure S3 of the Supporting Information.

The orphan purine bases A6 and A20 show sequential con-
nectivity with both 50- and 30-flanking residues in the NOESY
spectra. The sequential connectivity involving base and sugar
H10 protons through A6 in the segment (T5-A6-T7) 3 (A22-F23-
A24) and through A20 in the segment (G8-F9-G10) 3 (C19-A20-
C21) shown in Figure 2 and Figure S1 of the Supporting Infor-
mation indicates that the orphan adenosine residues are located
inside the helix at 15 �C. Sequential connectivity through these
segments can also be traced in the base (7.0-8.4 ppm) and sugar
H20/20 0 (3.0-1.8 ppm) region of the NOESY spectrum. In
Figure 3, peaks labeled G/G0, H/H0, I/I0, and J/J0 show
sequential connectivity through A6 while peaks labeled K/K0,
L/L0, M/M0, and N/N0 show sequential connectivity through
A20. These peaks are consistent with the arrangement of
the adenosine residues inside the helix in the (AP)2-3 duplex.
Table S1 of the Supporting Information shows the chemical
shifts of protons from each residue measured from the 2D
NOESY maps of the (AP)2-3 duplex.

FIGURE 2: Expanded contour plot of the phase sensitive NOESY spectrum (mixing time of 300 ms) in D2O buffer containing 50 mMNaCl, 10
mMphosphate, and 1mMEDTA(pH6.8) at 25 �C.Sequential connectivity in the base (7.0-8.4 ppm) and theH10 sugar protons (5.2-6.4 ppm) is
plotted for the (AP)2-3and (AP)2þ3duplexes. There is noconnectivityacross the lesion sitebetween residuesG8andG10 (cross-peakAmissing),
and in the complementary strand between A22 and A24, cross-peak B is missing for the (AP)2-3 duplex. This is consistent with the intrahelical
arrangement of both AP residues in the (AP)2-3 duplex. In the case of the (AP)2þ3 duplex, no connectivity exists between residues G5 and G7
(cross-peak Cmissing), and in the complementary strand between residues A19 and A21, cross-peakD is missing. This is consistent with both of
the AP residues being inside the helix.
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(ii) (AP)2þ3 Duplex. The expanded NOESY contour map
(mixing time of 300 ms) showing through-space connectivity
between the base (7.0-8.5 ppm) and the sugarH10 (5.2-6.4 ppm)
protons at the lesion site of the (AP)2þ3 duplex is plotted in
Figure 2. The complete walk around the expanded NOESY plot
of this same region is illustrated in Figure S2 of the Supporting
Information. Cross-peak connectivity between base (pyrimidine
H6/purine H8) protons and their own and 50-flanking sugar H10

protons indicates that the helix is right-handed in the (AP)2þ3
duplex. Again, similar to the (AP)2-3 duplex, no inter-residue
cross-peaks are observed between the base and the sugar H10

protons of residues flanking theAP sites. Themissing cross-peaks
between G5 and G7 and between A19 and A21 are indicated by
arrows C andD in Figure 2, respectively, and are consistent with
the arrangement of both AP residues inside the helix in the
(AP)2þ3 duplex.

Similar to the (AP)2-3 duplex, cross-peaks between base H6/
H8 protons and their own and 50-flanking sugar H20/20 0 protons
provide evidence of the right handedness of the helix (Figure 3) for
the (AP)2þ3 duplex. Cross-peaks are absent across the lesion site,
further indicating that no connectivity through space exists between
residues separated by the AP sites. A cross-peak is observed be-
tween G7 and F6. This peak was assigned between G7(H8) and
F6(H20/20 0) and labeled peak F in Figure 3. On the complementary
strand, a cross-peak is visible between A21 and F20. This peak is
assigned to A21(H8) and F20(H20/20 0) and labeled C in Figure 3.
These cross-peaks are all consistent with the intrahelical arrange-
ment of both AP residues in the (AP)2-3 duplex. No cross-peak is
visible between the residues flanking theAP sites in the symmetrical
base region of the NOESY spectrum of the (AP)2þ3 duplex. The
sugar H30, H40, and H10/100 protons of the AP residues display
inter-residue cross-peaks with their 30 neighboring base H8 pro-
tons. These peaks are between G7(H8) and F6(H30), F6(H40),
and F6(H1010 0), labeled A-C, respectively, in Figure S4 of the

Supporting Information, and between A21(H8) and F20(H30),
F20(H40), and F20(H10/10 0), labeled C-E, respectively, in Figure
S4. These peaks indicate that bothF6 andF20 are located inside the
helix. This is similar to the case for the (AP)2-3 duplex, in which
both AP residues exhibit similar peaks.

The orphan purine bases A9 and A23 show sequential con-
nectivity with both 50- and 30-flanking residues in the NOESY
spectra. The sequential connectivity involving base and sugarH10

protons throughA9 in the segment (T8-A9-T10) 3 (A19-F20-A21)
and through A23 in the segment (G5-F6-G7) 3 (C22-A23-C24) as
shown in Figure 2 and Figure S2 of the Supporting Information
indicates that the orphan adenosine residues are located inside
the helix at 15 �C. Sequential connectivity through these segments
can also be traced in the base (7.0-8.4 ppm) and sugar H20/20 0

(3.0-1.8 ppm) region of the NOESY spectrum. In Figure 3,
peaks labeled M/M0, L/L0, K/K0, and N/N0 show sequential
connectivity through A9 while peaks labeled I/I0, H/H0, G/G0,
and J/J0 show sequential connectivity through A23. These peaks
are consistent with the adenosine residues being arranged inside
the helix in the (AP)2þ3 duplex. Table S2 of the Supporting
Information lists the chemical shifts of protons from each residue
measured from the 2D NOESY maps of the (AP)2þ3 duplex.
Exchangeable Protons. (i) (AP)2-3 Duplex. At low tem-

peratures, the 1D spectrum of the (AP)2-3 duplex exhibits eight
partially and fully resolved spectral lines between 12.0 and 14.0
ppm that are assignedwith the aid of 2DNOESY spectra (mixing
time of 220 ms). From the 1D spectrum, three partially resolved
signals between 13.0 and 14.0 ppm are assigned to the four
thymidine imino protonswhile the five spectral lines between 12.0
and 13.0 ppm are assigned to five fully resolved signals of guano-
sine imino protons, thereby accounting for the internalWatson-
Crickbase pairs in the (AP)2-3duplex (Figure 4, top, andFigure 6).
Signals from the terminal imino protons of G15 and G28 are not
resolved at 5 �C as a result of fraying of the termini of the helix.

FIGURE 3: Contour plot of expandedphase sensitiveNOESY spectra (mixing time of 260ms) recorded inD2Obuffer containing 50mMNaCl, 10
mM phosphate, and 1 mM EDTA (pH 6.8) at 25 �C. Cross-peak connectivity between base protons (7.0-8.4 ppm) and sugar H20/20 0 protons
(3.0-1.8 ppm) is plotted for the (AP)2-3 and (AP)2þ3 duplexes. Peaks in the (AP)2-3 duplex are discussed in the text and are assigned as follows:
A/A0, A24(H8)-A24(H20 0)/A24(H20); B/B0, A24(H8)-F23(H20 0)/F23(H20); C/C0, A22(H8)-A22(H20)/A22(H20 0); D/D0, G8(H8)-G8(H20)/G8-
(H20 0); E, G10(H6)-F9(H20 0/H20); F/F0, G10(H8)-G10(H20 0)/G10(H20); G/G0, T5(H6)-T5(H20 0)/T5(H20); H/H0, A6(H8)-T5(H20 0)/T5(H20); I/I0,
A6(H8)-A6(H20 0)/A6(H20); J/J0, T7(H8)-A6(H20 0)/A6(H20); K/K0, C19(H6)-C19(H20 0)/C19(H20); L/L0, A20(H8)-C19(H20 0)C19(H20); M/M0,
A20(H8)-A20(H20 0)/A20(H20); N/N0, C21(H6)-A20(H20 0)/A20(H20); O, F9(H30)-F9(H20/20 0); P/P0, F23(H30)-F23(H20)/F23(H20 0). These peaks
together confirm thatbothAP residues of the (AP)2-3duplex are inside the helix at the lesion site. Peaks in the (AP)2þ3duplexare discussed in the
text and are assigned as follows: A/A0, A21(H8)-A21(H20 0)/A18(H20); B/B0, A19(H8)-A19(H20 0)/A19(H20); C, A21(H8)-F20(H20/20 0); D/D0,
G7(H8)-G7(H20 0)/G7(H20); E/E0, G5(H8)-G5(H20 0)/G5(H20); F, G7(H8)-F6(H20/20 0); G/G0, A23(H8)-A23(H20 0)/A23(H20); H/H0, A23(H8)-
C22(H20 0)/C22(H20); I/I0, C22(H6)-C22(H20 0)/C22(H20); J/J0, C24(H6)-A23(H20 0)/A23(H20); K/K0, A9(H8)-A9(H20 0)/A9(H20); L/L0, A9(H8)-
T8(H20 0)/T8(H20); M/M0, T8(H6)-T8(H20 0)/T8(H20); N/N0, T10(H6)-A9(H20 0)/A9(H20); O, F6(H30)-F6(H20/20 0); P, F20(H30)-F20(H20/20 0). The
presence of these cross-peaks indicates that the AP residues in the (AP)2þ3 duplex are also inside the helix at the lesion site.

http://pubs.acs.org/action/showImage?doi=10.1021/bi101021e&iName=master.img-002.jpg&w=450&h=177
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Imino proton signals from T7 and G8 in the central segment
(T7-G8) 3 (A22-C21) are conspicuously absent from the NOESY
spectrum (Figure 4), possibly because of rapid exchange with
protons of the solvent.

The phase sensitive NOESY spectrum (mixing time of 220 ms)
of exchangeable protons in the (AP)2-3 duplex aided in the
assignment of imino and amino protons of hydrogen-bonded
(hb) and exposed (ex) protons of the A 3T and G 3C base pairs.
Two regions of interest are plotted for the expanded NOESY
spectrum in Figure 4, where cross-peaks represent through-space
connectivity between the imino protons of thymidine and gua-
nosine, and cytidine amino and adenosine H2 protons, and in
Figure 4, where cross-peaks represent through-space connectivity
between imino protons on adjacent base pairs. In the (AP)2-3
duplex, base pairs flanking the lesion site are identified through their
interaction with 30 and 50 neighboring bases in the symmetrical
spectral region of the expanded NOESY spectrum (Figure 4). For
one of these flanking bases, the imino proton of T5 produces a
cross-peak with the G25 imino proton near 13.2 ppm, cross-peak E
in Figure 4, and is assigned to G25(H1N) and T5(N3H). The
interaction between the T5 imino group and the H2 proton of A24
is fully resolved and assigned to signal D in Figure 4. At the other
end of the AP segment, the imino protons of G10 and T18 produce
a cross-peak at 13.9 ppm, cross peak D in Figure 4, which was
assigned to G10(N1H) and T18(N3H). The imino proton of the
central base T7 is not resolved; however, the imino proton signal
from central base G8 produces a cross-peak in the symmetrical
region of the NOESY spectrum at 12.8 ppm, peak F in Figure 4,
which is assigned toG8(N1H).Watson-Crick base pair alignment
is implied by the cross-peak connectivities for the remaining canoni-
cal bases throughout the duplex, and these cross-peaks are assigned
in Figure 4. Additional interactions between imino protons of
adjacent bases for the (AP)2-3 duplex are also assigned inFigure 4.
(ii) (AP)2þ3 Duplex.At low temperatures, the 1D spectrum

of the (AP)2þ3 duplex exhibits eight partially or fully resolved
spectral lines between 12.0 and 14.0 ppm (Figure 5, top, and
Figure 6). From the 1D spectrum of the (AP)2þ3 duplex, one
partially resolved and two fully resolved spectral lines between
13.2 and 14.0 ppm are assigned to four thymidine imino proton
signals while the five spectral lines between 12.0 and 13.2 ppm are
assigned to three fully and two partially resolved signals of
guanosine imino protons, thereby accounting forWatson-Crick
base pairs in the (AP)2þ3 duplex (Figure 5, top, and Figure 6).
Signals from the terminal imino protons of G15 and G28 are
partially resolved at 5 �C in contrast to those in the (AP)2-3
duplex, where they are not resolved.

As before, the phase sensitive NOESY spectrum (mixing time
of 220ms) of exchangeable protons in the (AP)2þ3 duplex aids in
the assignment of imino and amino protons of hydrogen-bonded
(hb) and exposed (ex) protons of the A 3T and G 3C base pairs.
Two regions of interest are plotted for the expanded NOESY
spectrum in Figure 5, where cross-peaks represent through-space
connectivity between the imino protons of guanosine and thy-
midine, and cytidine amino and adenosine H2 protons, and in
Figure 5, where cross-peaks represent through-space connectivity
between imino protons on adjacent base pairs. In the (AP)2þ3
duplex, base pairs flanking the lesion site are identified through
their interaction with 30 and 50 neighboring bases in the symmet-
rical spectral region of the expanded NOESY spectrum
(Figure 4). For one of these flanking bases, the imino proton
ofG5 produces a cross-peakwith theG25 imino proton near 12.6
ppm, cross-peak F in Figure 5, and is assigned to G5(H1N) and
G5(N1H). The interactions between G5 imino and C24 amino
protons are fully resolved and assigned to signals F and F0 in
Figure 5. At the other end of the AP segment, the imino protons
of T10 and T18 produce a cross-peak near 13.9 ppm, cross-peak

FIGURE 4: (AP)2-3 duplex. Expanded phase sensitive NOESY
(mixing time of 220 ms) contour plot for the (AP)2-3 duplex in
H2O buffer containing 50 mM NaCl, 10 mM phosphate, and 1.0
mMEDTA (pH 6.8) at 5 �C. Cross-peaks establishing connectivity
between imino protons (12.0-14.0 ppm) and the base and amino
protons (8.4-5.0 ppm) have been plotted. Peaks in the (AP)2-3
duplex are discussed in the text and are assigned as follows: A,
T27(N3H)-A2(H2);B,T17(N3H)-A12(H2);C,T18(N3H)-A11(H2);
D, T5(N3H)-A24(H2); E/E0, G10(N1H)-C19(N4Hhb)/C19(N4Hex);
F/F0, G25(N1H)-C4(N4Hhb)/C4(N4Hex); G/G0, G3(N1H)-C26-
(N4Hhb)/C26(N4Hex);H/H0,G13(N1H)-C16(N4Hhb)/C16(N4Hex).
Cross-peak connectivity between imino protons in the symmetrical
(12.0-14.0 ppm) spectral range is discussed in the text. Cross-peaks
at the lesion site show the existence of Watson-Crick hydrogen
bonds and regular base stacking throughout the (AP)2-3 duplex.
Cross-peaks in the (AP)2-3 duplex are assigned as follows: A,
T17(N3H)-T18(N3H); B, T17(N3H)-G13(N1H); C, T27(N3H)-
G3(N1H); D, T8(N3H)-G10(N1H); E, G25(N1H)-T5(N3H); F,
G8(N1H); G, G13(N1H)-G15(N1H); H, G3(N1H)-G25(N1H); I,
G10(N1H).

http://pubs.acs.org/action/showImage?doi=10.1021/bi101021e&iName=master.img-003.jpg&w=231&h=455
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A in Figure 5, which is assigned to T10(N3H) and T18(N3H).
For the T10 3A19 base pair, the imino proton of T10 and the H2
proton of A19 produce a strong signal that is assigned to cross-
peakD inFigure 5. The imino proton of the central base T8 is not
resolved; however, the imino proton signal from central base G7

produced a cross-peak in the symmetrical region of the NOESY
spectrum at 12.2 ppm, peak G in Figure 5, which is assigned to
G7(N1H). In contrast to the (AP)2-3 duplex, the central G 3C
base pair can be identified throughweak cross-peaks between the
imino proton of G7 and the hydrogen-bonded and exposed
amino protons of C22, peak E/E0 in Figure 5. Watson-Crick
base pair alignment is implied by the cross-peak connectivity for
the remaining canonical bases in the (AP)2þ3 duplex, and these
cross-peaks are assigned in Figure 5. Additional interactions
between imino protons of adjacent and opposite canonical bases
for the (AP)2þ3 duplex are also assigned in Figure 5.
Thermal Stability. Figure 6 shows 1D spectra recorded at

5-35 �C. Both the (AP)2-3 duplex and the (AP)2þ3 duplex
exhibit similar melting behavior. The terminal bases of the
(AP)2-3 duplex are not resolved even at low temperatures, but
the terminal bases of the (AP)2þ3 duplex produce a partially
resolved spectral line at 5 �C. The spectral lines corresponding to
imino proton resonances of the terminal bases of the (AP)2þ3
duplex disappear at 20 �C because of their fast water exchange.
The central guanosine and cytidine residues between the lesion
sites of both duplexes formWatson-Crick pairs as shown in the
analysis of 2D NOESY spectra, but with no detectable signal for
the G8 3C21 base pair in the (AP)2-3 duplex, and only weak
signals from theG7 3C22 base pair in the (AP)2þ3 duplex. In each
duplex, the central A 3T base pair does not produce a resolved
imino proton signal, which is indicative of fast exchange with
protons from the solvent. In both duplexes, imino proton signals
from flanking thymidine residues, T5 in the (AP)2-3 duplex and
T10 in the (AP)2þ3 duplex, are shifted upfield of the other
thymidine signals. Similarly, the flanking guanosine imino pro-
tons, G10 in the (AP)2-3 duplex and G5 in the (AP)2þ3 duplex,
move upfield relative to the remaining guanosine imino proton
signals. Both duplexes exhibit similar behavior during the transi-
tion from helix to random coil as the temperature is increased
from 5 to 35 �C with the imino proton signals of flanking A 3T
andG 3Cbase pairs at the lesion site disappearing at the same rate
as the internal base pairs (Figure 6). In fact, at the lesion site,
flanking base pairs remain intact up to a temperature of 25 �C. A
further temperature increase caused the remaining imino proton
resonances to broaden and disappear above 35 �C because of
their rapid exchange with water.

FIGURE 5: (AP)2þ3 duplex. Expanded phase sensitiveNOESY (mix-
ing time of 220 ms) contour plots for the (AP)2þ3 duplex in H2O
buffer containing 50mMNaCl, 10mMphosphate, and 1.0mMEDTA
(pH 6.8) at 5 �C. Cross-peaks establishing connectivity between imino
protons (12.0-14.0 ppm) and the base and amino protons (8.4-5.0
ppm) have been plotted. Peaks are discussed in the text and are assigned
as follows: A, T27(N3H)-A2(H2); B, T18(N3H)-A11(H2); C, T17-
(N3H)-A12(H2); D, T10(N3H)-A19(H2); E/E0, G7(N1H)-C22-
(N4Hhb)/C22(N4Hex); F/F0, G5(N1H)-C24(N4Hhb)/C24(N4Hex);
G/G0, G3(N1H)-C26(N4Hhb)/C26(N4Hex); H/H0, G13(N1H)-
C16(N4Hhb)/C16(N4Hex); I/I0, G25(N1H)-C4(N4Hhb)/C4(N4Hex).
Cross-peak connectivity between imino protons in the symmetrical
(12.0-14.0 ppm) spectral range is discussed in the text. Cross-peaks at
the lesion site show the existence ofWatson-Crickhydrogenbonds and
regular base stacking throughout the (AP)2þ3 duplex. Cross peaks in
the(AP)2þ3 duplex are assigned as follows: A, T18(N3H)-T10(N3H);
B, T17(N3H)-G13(N1H); C, T27(N3H)-G3(N1H); D, G15(N1H)-
G13(N1H); E, G25(N1H)-G3(N1H); F, G5(N1H)-G25(N1H); G,
G7(N1H); H, G5(N1H).

FIGURE 6: Temperature dependence of the expanded 1D NMR
spectra of imino protons (12.0-14.0 ppm) of the (AP)2-3 duplex
(left) and (AP)2þ3 duplex (right) in 50mMNaCl, 10mMphosphate,
and 1 mM EDTA as the temperature is increased from 5 to 35 �C.

http://pubs.acs.org/action/showImage?doi=10.1021/bi101021e&iName=master.img-004.jpg&w=229&h=453
http://pubs.acs.org/action/showImage?doi=10.1021/bi101021e&iName=master.img-005.png&w=238&h=181
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Three-Dimensional Structure. The averaged minimized
structures for the (AP)2-3 duplex and the (AP)2þ3 duplex are
shown in Figure 7, with the minor groove being prominent. Both
duplexes are regular right-handed helices showing well-formed
Watson-Crick alignments on all undamaged base pairs, including
those between the abasic site residues. The AP residues are posi-
tioned in theminor grooveof the helix, resulting in a shorter distance
between them in the (AP)2-3 duplex than in the (AP)2þ3 duplex.
Thewidth anddepth of themajor andminor grooves are normal for
both (AP)2 duplexes, including those at the clustered lesion site.

Table 1 summarizes statistics of the structural refinement,
showing the excellent agreement with the experimental interproton
NOE distances without major violations of the covalent geometry,
and Table 2 lists relevant structural parameters measured for five
representative models of each duplex. An overlapped stereoview of
these models is shown in Figure 9. In both cases, the helices are
regular, right-handed, and slightly shortened because of a bend in
the helix in the direction of the major groove. Helix shortening,
bend angle, and bend direction are reported in Table 2. For the
(AP)2-3 duplex, the AP residues are retained inside the helix
with zero rotation, leaving the backbone without distortion, as
shown in Figures 7-9 and Figure S5 of the Supporting Informa-
tion. Similarly for the (AP)2þ3 duplex, both AP residues remain
inside the helix, leaving the backbones undistorted as shown in
Figures 7-9 and Figure S5 of the Supporting Information.

Close-up stereoviews of the lesion site structures are shown
in Figure 8. There is no significant local disturbance of the
base pairs at the lesion site in the (AP)2-3 duplex. Values
for the base inclination and X- and Y-displacement of the
orphan purine bases A6 and A20 at the lesion site are listed in
Table 2. In the (AP)2-3 duplex, both orphan bases undergo
only small negative displacements and show small positive
inclination such that they remain inside the helix (Figures 7-9
and Figure S5 of the Supporting Information). Furthermore,
the central G 3C and A 3T base pairs retain their proper
Watson-Crick alignment. Similarly for the (AP)2þ3 du-
plex, values for the inclination and X- and Y-displacement
of residues A9 and A23 at the lesion site (listed in Table 2)
are also small such that both orphan bases remain inside the
helix. The central base pairs are undisturbed and remain in
Watson-Crick alignment (Figures 7-9 and Figure S5 of the
Supporting Information).

Sugar puckers for each duplex are also listed in Table 2. The
(AP)2-3 duplex shows regular sugar pucker in the C20-endo
conformation at the lesion site and throughout the helix, while
the (AP)2þ3 duplex shows flexible sugar puckerswith a variety of
conformations at the lesion site and more regular conformations
in the remainder of the duplex. In the (AP)2-3 duplex, both
AP residues and both orphan bases show sugar puckers in the
C20-endo conformation, with the exception of F9 adopting a C10-
exo conformation in two of the selected refined structures. The
central bases show normal sugar pucker in the C20-endo con-
formations. By contrast, in the (AP)2þ3 duplex, both AP resi-
dues adopt a normal C20-endo conformation, with F6 adopting a
C10-exo conformation in only one of the four selected refined
structures. The orphan bases show considerably more flexibility
with the sugar pucker of A23 and that of A9 in the C10-exo
conformation in one of the selected structures. The central bases
adopt a C20-endo conformation.

FIGURE 7: Ribbon representation of averaged minimized structures
shown with the minor groove prominent. AP residues are colored
green and labeled following Figure 1 numbering.

Table 1: Molecular Refinement Statisticsa

(AP)2-3

duplex

(AP)2þ3

duplex

violations of covalent geometry

(root-mean-square deviation)

bond lengths (Å) 0.007 0.006

bond angles (deg) 4.04 3.81

improper angles (deg) 0.30 0.15

van der Waals (kcal/mol) -420 -416

violations of experimental restraints

(root-mean-square deviation)

distance violations (Å) (no. of restraints) 0.012 (533) 0.007 (554)

dihedral angles (deg) (no. of restraints) 0.20 (228) 0.23 (228)

aComparison of refined structures based on the root-mean-square
deviations from experimental restraints and idealized covalent geometry.

Table 2: Structural Parametersa of (AP)2 Duplexesb

(AP)2-3 duplex (AP)2þ3 duplex

helix shortening (%) 2.0 to 3.6 2.4 to 3.5

bend angle (deg) 15 to 34 26� to 33�
bend direction major groove major groove

T7 or G7 X-displacement,

Y-displacement, inclination

-1.4 Å,

0.2 Å, 10.8�
-3.1 Å, -0.2 Å,

0.2�
A22 or C22 X-displacement,

Y-displacement, inclination

-1.5 Å,

0.1 Å, 7.2�
-2.5 Å, -0.1 Å,

0.0�
G8 or T8 X-displacement,

Y-displacement, inclination

-1.8 Å,

0.3 Å, 2.9�
-2.7 Å, 0.1 Å,

-0.3�
C21 or A21 X-displacement,

Y-displacement, inclination

-1.0 Å, -0.1 Å,

-3.6�
-2.5 Å, -0.2 Å,

1.0�

Sugar Pucker

(AP)2-3 duplex (AP)2þ3 duplex

T7 or G7 C20-endo C20-endo
A22 or C22 C20-endo C20-endo
G8 or T8 C20-endo C20-endo
C21 or A21 C20-endo C20-endo
F9 or F6 C10-exoc C20-endod

F23 or F20 C20-endo C20-endo
aStructural parameters computed using Curves (21, 22). bAverage val-

ues measured from the converging refined structures. cTwo structures
appeared in the C20-endo range. dOne structure in the C10-exo range. In
both duplexes, the AP residues are fully intrahelical, exhibiting no rotation
toward any of the duplex grooves.

http://pubs.acs.org/action/showImage?doi=10.1021/bi101021e&iName=master.img-006.jpg&w=164&h=185
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DISCUSSION

NMR Spectra and Solution Structures of (AP)2 Du-
plexes. The directionality of the NOE cross-peaks between base
and sugar protons as well as cross-peaks present in the NOESY

spectra in H2O indicating hydrogen-bonded imino protons
confirms that both helices are right-handed and stabilized by
regular Watson-Crick base pair alignments (17-19). The con-
nectivity in the fingerprint region of the NOESY spectra for
both duplexes shows a continuous walk along each strand with
gaps (indicated by arrowsA-D inFigure 2) at the location of the
AP residues, establishing that the helices are not significantly
compressed at the lesion sites. Thus, residues flanking the AP
sites are kept apart, while the orphan bases are stacked inside the
helix. The internal stacking of orphan bases is confirmed by
cross-peak connectivity with both residues flanking the orphan
bases (Figures S1 and S2 of the Supporting Information). The
H2O NOESY spectra and thermal stability measurements in-
dicate that all hydrogen bonds in both duplexes remain intact at
low temperatures and melt with similar rates as the temperature
increases.

Table 2 shows that, after molecular dynamics simulation, both
helices are compressed by only∼3%, which is most likely due to
the presence of a mild bend in the final structures. Table 2 also
shows that there is similar bend in both duplexes, which may be
attributed to the normal flexibility of the helix, with the tilt and
inclination of the lesion site residues being negligibly small. The
main difference between the duplexes emerges only after re-
strained molecular dynamics simulations to produce structures
that are in agreement with the NMR spectra. These structures
show that the AP residues are positioned differently with respect
to the major and minor grooves of the helix (Figures 7-9). The
refined structures, shown in stereo in Figures 8 and 9, reveal that
the AP residues appear closer in space across the minor groove in
the (AP)2-3 duplex but are farther apart across themajor groove
in the (AP)2þ3 duplex, a situation reminiscent of previously
determined structures of (AP)2-1 and (AP)2þ1 duplexes (8).
Comparison of Structures and the Orientation Effect.

Both AP residues on the (AP)2-3 and (AP)2þ3 duplexes are
inside the helix, a fact that differentiates them from (AP)2-1 and
(AP)2þ1 duplexes in which the AP residues sometimes form a

FIGURE 8: Expanded cross-eyed stereoview of the (AP)2-3 cluster seen with the minor groove prominent and the (AP)2þ3 cluster seen with the
major groove prominent, when theWatson-Crick alignments at the lesion site restraints are enforced duringMD.AP residues are colored green.
In the case of the (AP)2-3 duplex, the AP residues are closer across the minor groove while they are farther apart across the major groove in the
(AP)2þ3 duplex.

FIGURE 9: Cross-eye stereoview of five overlapped final structures
shown with the minor groove prominent in the (AP)2-3 duplex and
the major groove prominent in the (AP)2þ3 duplex. AP residues are
colored red.

http://pubs.acs.org/action/showImage?doi=10.1021/bi101021e&iName=master.img-007.jpg&w=302&h=241
http://pubs.acs.org/action/showImage?doi=10.1021/bi101021e&iName=master.img-008.jpg&w=221&h=308
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bulge. However, the AP residues in this study are dynamic in
solution and likely to swing in and out of the helix at room
temperature. Thus, these solution structures represent the aver-
age positions of the AP residues that are intrahelical in the
(AP)2-3 and (AP)2þ3 duplexes but can be extrahelical in the
(AP)2-1 duplex and aligned with the backbone in the (AP)2þ1
duplex (8). In studies of duplexes containing an extra adenosine,
both the AP residue and the opposing adenosine were found to
stack inside the helixwith local perturbation of the helix extending
only to the immediate flanking bases (27-29). In studies in which
an opposing pyrimidine residue was inserted into the duplex, the
AP residue and its counter base could be extra- or intrahelical
depending on the temperature (13, 27, 30-32). The intrahelical
character of lesion site residues in the both the (AP)2-3 and
(AP)2þ3 duplexes makes it unlikely that the differential recogni-
tion of these lesions would be based on the intrahelical position of
the AP residues.

A second important feature of these structures is the fact that
the AP residues are closer in space across the minor groove in the
(AP)2-3 duplex and farther apart in the (AP)2þ3 duplex. This is
similar to the case for the structures of the (AP)2-1 and (AP)2þ1
duplexes, where the AP residues are located on the minor groove
in the former duplex and on opposite sides of the major groove in
the latter duplex. This factor may play a role in the differential
recognition of these lesions because it was found that both AP
sites in theþ1 andþ3 orientations are cleaved by hApe1 (8), thus
potentially producing lethal double-strand breaks. The structures
of the (AP)2þ1 and (AP)2þ3 duplexes are similar and thus
consistent with the observed cleavage of both AP residues. The
cleavage inhibition observed in-1 and-3 clusters may relate to
the fact that the AP sites are closer in space across the minor
groove, hindering key interaction with the enzyme.

Three-dimensional structures of free hApe1 in solution or in a
complex withAP-containingDNAhave been established. hApe1
shows a barrel-like conformation in solution having a preformed
active site pocket and a positively charged surface that facilitates
binding to the damaged DNA (33, 34). When DNA binds, the
protein conformation changes very little but the enzyme induces a
kink on the helical axis of the duplex and makes extensive
contacts with its damaged strand at either side of the AP residue.
Contacts with the unmodified strand are sparse, involving
electrostatic interactions with three consecutive phosphate
groups at the 50 side of the abasic site. Because an identical set
of enzyme-phosphate contacts is possible for both the (AP)2-3
and (AP)2þ3 duplexes, or the (AP)2-1 and (AP)2þ1 duplexes for
thatmatter, theX-ray structure of the complex does not provide a
definitive answer to the question of why differential recognition
occurs (35). It is possible that the structural differences among
clustered (AP)2 duplexes are sensed during an initial recognition
step, which would be sensitive to the proximity of a second
AP site across the minor groove of the duplex. Alternatively, it is
conceivable that the second AP site on the nonscissile strand
of the duplex would increase backbone flexibility, hindering
hApe1-phosphate contacts only in the case of the -1 and -3
30-staggered clusters.

CONCLUSIONS

Through oxidative damage, ionizing radiation produces clus-
tered DNA damage, of which clustered abasic sites are quite
prevalent. They can be mutagenic if not repaired or become
a source of potentially lethal double-strand breaks during

the repair process. Abortive repair of bistranded AP clusters is
particularly prone to the production of double-strand breaks,
a phenomenon that is exploited in radiation therapy and
chemotherapy. However, the orientation of bistranded lesions
factors significantly in the efficiency with which they are removed
from DNA, a fact attributed to differential recognition of these
lesions by the repair machinery. We have determined the
structures of (AP)2-3 and (AP)2þ3 bistranded duplexes and
shown that they are similar to the previously determined struc-
tures of the (AP)2-1 and (AP)2þ1 duplexes in that the AP
residues are located close in space across the minor groove in the
(AP)2-3 and (AP)2-1 duplexes but are farther apart in the
(AP)2þ3 and (AP)2þ1 duplexes. The structures of (AP)2 duplexes
show the common factor of closeness in space of the AP residues
that are not cleaved by the hApe1 enzyme. Factors such as the
thermodynamic stability of the damaged duplexes or the position
the AP residues in an extrahelical bulge do not correlate with the
differential recognition of these DNA lesions. The fact that
hApe1 (or bacterial exo-III) readily processes þ1 and þ3 (AP)2
bistranded lesions while cleavage of-1 and-3 clusters proceeds
at very slow rates would suggest that the repair of clustered AP
lesions has evolved to fundamentally avoid the presence of DSB
with 30-protruding ends.
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SUPPORTING INFORMATION AVAILABLE

Proton chemical shifts of the (AP)2-3 and (AP)2þ3 duplexes
(Tables S1 and S2), contour plots of NOESY spectra (mixing
time of 300 ms) depicting base-H10 proton connectivities for the
(AP)2-3 and (AP)2þ3 duplexes (Figures S1 and S2), contour
plots of the same NOESY spectra showing interactions among
protons of the furan residues in the (AP)2-3 and (AP)2þ3
duplexes (Figures S3 and S4), and space filling representations
of the (AP)2-3 and (AP)2þ3 duplex structures (Figure S5). This
material is available free of charge via the Internet at http://pubs.
acs.org.
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