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ABSTRACT

The antitumor antibiotic bleomycin causes two major
lesions in the deoxyribose backbone of DNA: formation
of 4′-keto abasic sites and formation of strand breaks
with 3′-phosphoglycolate and 5′-phosphate ends. As a
model for the 4′-keto abasic site, we have characterized
an abasic site (X) in d(CCAAAGXACTGGG)·d(CCCAG-
TACTTTGG) by two-dimensional NMR spectroscopy. A
total of 475 NOEs and 101 dihedral angles provided the
restraints for molecular modeling. Four unusual NOEs
were observed between each anomer of the abasic site
and the neighboring bases. In addition, four coupling
constants for adjacent protons of the deoxyribose of
both the α and β anomers of the abasic site were
observed. The modeling suggests that for both
anomers the abasic site is extrahelical, without signifi-
cant distortion of the backbone opposite the lesion.
The coupling constants further allowed assignment of
an unusual sugar pucker for each anomer. The unique
position of the abasic site in our structural model for
each anomer is discussed in terms of repair of such
lesions in vivo.

INTRODUCTION

Bleomycins (BLMs) are antitumor antibiotics used clinically
in the treatment of head and neck cancer, Hodgkin’s disease
and testicular cancer (1,2). These natural products in the
presence of their required cofactors, iron and oxygen, cause
both single-strand (ss) and double-strand (ds) DNA damage
(3–5). Our laboratory has long been interested in the mechanism
of BLM-mediated ss and ds cleavage of DNA. BLM generates
two types of sugar damage: 4′-keto abasic sites 3′ to guanines
in an intact strand and 3′-phosphoglycolates, base propenals
and 5′-phosphates in a cleaved strand (Fig. 1; 3–5). As a model
for the 4′-keto abasic site, we have synthesized an abasic site
(denoted by X) in d(CCAAAGXACTGGG)·d(CCCAGTACT-

TTGG) (1), where the intact duplex GTAC (T is the site of
cleavage) is a hot-spot for BLM-induced ds cleavage (6). In
this paper we present a structural model for each anomer of the
abasic site in 1 using 2D NMR methods and molecular modeling.
The long-range goal of these and other structural studies in our
laboratory is to understand the structure of ds lesions created
by a single BLM molecule. This information is a prerequisite
for understanding BLM-mediated ds cleavage and the mechanism
of the ds repair process.

Cell viability and genome stability are continually threat-
ened by DNA damage (7). Repair of this damage is essential
for cell survival. The cytotoxicity of BLM is thought to be
related to its ability to mediate ss or ds damage to the deoxyribose
backbone of DNA (Fig. 1). Repair of this ss damage requires
the base excision repair (BER) pathway (8–10). This pathway
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Figure 1. Proposed scheme for the formation of the two products resulting
from BLM-induced H4′ abstraction. If oxygen adds into the radical, a 3′-phos-
phoglycolate lesion next to a 5′-phosphate end is generated. Under anaerobic
conditions a 4′-keto abasic site results.
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consists of a minimum of four enzymes in humans: a DNA
glycosylase, a general damage apurinic/apyrimidinic (AP)
endonuclease (APE1), DNA polymerase β and DNA ligase
(11–13). The basis of recognition of different types of DNA
damage remains a major focus of research. DNA base damage
and repair have been studied most extensively. These studies
reveal that the damaged base becomes extrahelical and binds to a
specific pocket on the repair enzyme, where it is excised (14–18).

Removal of the base is only the first step in the repair
process. An abasic site remains, which can also have detri-
mental effects on the cell. Approximately 10 000 abasic sites
are generated per human cell per day, both spontaneously and
enzymatically by the action of glycosylases (7). Since these
sites are premutagenic (19), they must be repaired efficiently.
APE1 (also known as HAP1, Ref-1 or Apex) is responsible for
their recognition and repair (20,21). APE1 can also repair
several other types of deoxyribose damage, such as 4′-keto
abasic sites and 3′-phosphoglycolate lesions caused by BLM
(8–10,22). The basis of recognition by APE1 of modified
deoxyriboses is still unresolved.

The compound 3-hydroxy-2-(hydroxymethyl)tetrahydro-
furan (THF) has often been used as a model for enzymatically
generated abasic sites that exist as mixtures of α and β hemi-
acetals (23–26). Two structures of AP endonucleases
(Escherichia coli endonuclease IV and APE1) bound to THF-
containing oligonucleotides have recently been solved. Both
reveal the THF flipped out of the helix into a specific binding
pocket with the DNA bent away from the lesion (35° for APE1,
90° for endonuclease IV) (27,28). The base opposite the lesion
is either stacked (27) or flipped out of the helix (28), depending
on the enzyme.

Solution structures of abasic sites in naked duplex DNA
using 2D NMR methods give a different picture. None of their
structural models reveal an extrahelical deoxyribose or an
extrahelical base opposite the lesion (29–33). Most THF
analogs behave similarly (34–38). However, there is one report
that a THF lesion opposite a pyrimidine is extrahelical (34),
although the extrahelicity is sequence dependent (35). Since
there have been no direct structural comparisons between
abasic site- and THF-containing oligonucleotides in the same
sequence context under the same conditions (29–38), it is
unclear whether the THF analog is a good structural model for
the abasic site. The limited number of structural models with
abasic sites has prevented any general conclusions about
recognition by repair endonucleases.

In this paper we describe the synthesis of 1, containing an
abasic site (denoted by X), the assignment of the protons of the
duplex DNA and NMR experiments to determine its structure.
Using NMR-derived restraints, we have obtained two unique
structural models: one for the α anomer and one for the
β anomer. With both anomers the deoxyribose moiety is extra-
helical, without significant distortion of the DNA backbone
adjacent to and opposite the lesion. The conformations of the
abasic site deoxyribose in this sequence context are compared
to those observed for the various crystal structures of abasic
sites in complex with repair enzymes and contrasted with
abasic site structures in solution previously reported.

MATERIALS AND METHODS

Preparation of the abasic site

Phosphoramidites of dA, dC, dG and T, controlled pore glass
columns (10 µmol, 500 Å pore size) and all other DNA
synthesis reagents were purchased from Perkin Elmer-Applied
Biosystems and the phosphoramidite of dU was purchased
from Glen Research. Uracil DNA glycosylase was purchase
from New England Biolabs (lot 1A).

Oligonucleotides d(CCAAAGUACTGGG) (2) and
d(CCCAGTACTTTGG) (3) were synthesized on the 10 µmol
scale in an automatic ABI 391 DNA synthesizer using standard
coupling procedures provided by the manufacturer. The oligo-
nucleotides were cleaved from the resin using ammonia,
according to the standard procedures provided by the manufac-
turer, with the 5′-dimethoxytrityl protecting group left on.

Each oligonucleotide was purified by reverse phase high
performance liquid chromatography (HPLC) (Alltech column,
Econosil C18, 250 × 10 mm) using a 30 min linear gradient of
10–40% acetonitrile in 0.1 M triethylammonium acetate
(TEAA) buffer, pH 7, at a flow rate of 3 ml/min. The major
products eluted at 19 min for 2 and at 13 min for 3. The frac-
tions containing the oligonucleotides were pooled and lyophilized
to dryness. The remaining salt was removed by microdialysis
against 2 l of water for 2 days. During dialysis the trityl group
was cleaved from the oligonucleotide and was removed by
filtration. Each oligonucleotide was then dried on a Speedvac
and dissolved in 490 µl of water to give 1.8 µmol, 18% yield of
2 and ∼4.0 µmol, 40% yield of 3.

Compound 2 (450 µl, 3.7 mM) in water was added to 50 U
uracil-DNA glycosylase in 110 µl of uracil-DNA glycosylase
buffer (20 mM Tris–HCl, 1 mM EDTA, 1 mM DTT, 0.04 mg/ml
BSA, 23 mM NaCl, pH 8). The reaction was incubated at 37°C
for 14 h. Progress of the reaction was followed by monitoring
uracil release. Reverse phase HPLC (Econosil C18, 250 × 10 mm
column; Alltech) was then used to purify the oligonucleotide
containing the abasic site (4), using a linear gradient of 5–30%
acetonitrile in 0.1 M TEAA buffer, pH 7, at a flow rate of 3 ml/min.
The major peak eluted at 16 min. The pooled fractions were
concentrated to 5 ml in a lyophilizer. Compound 4 was isolated
using a Dyonex Nucleopac PA 100 semiprep anion exchange
column (250 × 9 mm) and a linear gradient from 25–55%
buffer B (buffer A + 1 M NaCl) against buffer A (25 mM
NaOAc, pH 6, 10% acetonitrile in water) over 30 min with a
flow rate of 3 ml/min (compound 4, retention time 16 min,
yield 90%; compound 2, retention time 23 min, yield 10%).
Acetonitrile was removed from the sample. Since the abasic
site decomposes in high salt conditions, 4 was dialyzed against
2 l of water for 2 days with one buffer change. Compound 4
was then lyophilized to dryness, dissolved in 1.5 ml of H2O and
again dialyzed against 2 l of water.

A 1:1 ratio of 4 (1.5 µmol) (ε260 = 1.38 × 105 M–1) and 3
(1.5 µmol) (ε260 = 1.28 × 105 M–1) were mixed in 600 µl of
10 mM sodium phosphate buffer, pH 6.8, and the solution was
heated to 70°C for 1 min and allowed to cool slowly to room
temperature to give 1 (2.5 mM). A single peak eluting at
25 min (both ss oligonucleotides elute at 15 min under these
conditions) observed by HPLC using the Dyonex anion
exchange column confirmed generation of 1. This duplex was
then lyophilized to dryness and exchanged twice in 600 µl of
99.999% D2O to give a 2.5 mM solution of 1 in 10 mM sodium
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phosphate buffer, pH 6.8. A second sample was prepared
(3 mM) using the same protocol.

Samples were analyzed by electrospray mass spectrometry
(ESI-MS) in the Vouros Laboratory at Northeastern University
on a Finnigan LCQ Ion Trap Mass Spectrometer (San Jose,
CA) with a standard electrospray source. The results are
summarized in Table S1 in Supplementary Material.

Stability of the abasic site

Compound 1 was kept at 37°C for 1 week. An aliquot of 1 was
then analyzed by reverse phase HPLC (Econosil C18, 250 ×
4.6 mm column; Alltech) using a linear gradient of 5–30%
acetonitrile in 0.1 M TEAA buffer, pH 7. Two major peaks of
roughly equal volume eluted at 18.5 and 20 min. Compound 1
was treated with 10% piperidine in water and heated at 95°C
for 90 min. Subsequent to piperidine treatment, an aliquot of 1
yielded three major peaks by reverse phase HPLC, eluting at
16 (∼25% of product), 17 (∼25% of product) and 19 min
(∼50% of product).

NMR experiments

All NMR experiments were performed on custom-built 600 or
750 MHz NMR spectrometers at the Francis Bitter Magnet
Laboratory. The acquired data were transferred to a Silicon
Graphics workstation and processed using Felix software v.95
(Molecular Simulations Inc.). 1H chemical shifts were refer-
enced to an internal standard, sodium 3-(trimethylsilyl)-1-
propanesulfonate (TSP) at 0.00 p.p.m.

PECOSY, PCOSY, DQCOSY, TOCSY (30 or 60 ms mixing
times) and NOESY (50, 100, 200 and 400 ms mixing times)
experiments were recorded at 750 MHz at 20°C in D2O or at
5°C in 90% H2O/10% D2O. Datasets of 4096 × 512 complex
points were acquired with spectral widths of 8000 Hz in both
dimensions and 16 scans per t1 increment. During the relaxa-
tion delay period a presaturation pulse of 2.5 s was used for
solvent suppression. For the NOESY experiments in 90% H2O/
10% D2O a WATERGATE gradient pulse sequence (39) was
used for water suppression and datasets with 4096 × 512
complex points were acquired with spectral widths of 15 000 Hz
in both dimensions. For all these experiments spectra were
zero filled to 4096 points in the t1 dimension. The data were
processed with a combination of exponential and Gaussian
weighting functions. Baselines were corrected with a poly-
nomial or an automatic baseline correction routine in t2 when
necessary.

The following experiments were run on the 600 MHz NMR
spectrometer at 25°C in D2O. A 31P-decoupled PECOSY
experiment was run with a spectral width of 6000 Hz in both
dimensions and 4096 × 512 complex points to determine H2′/
H2″ to H3′ coupling constants for the abasic site. A 31P-decoupled
J-scaled 3′-4′ DQCOSY experiment with 4096 × 128 complex
points (6000 × 2000 Hz spectral width) (40) was run to deter-
mine the H3′ to H4′ coupling constants for the abasic site.
Coupling constants for the backbone were determined using an
H3′ selective PHCOSY experiment (4096 × 64 complex
points, 2000 × 500 Hz spectral width) with 256 t1 increments
using a band-selective 180° pulse of EBURP shape to select
the H3′ region (41,42). The following Karplus equation was
used to derive backbone angles from these coupling constants:
3J(HCOP) = 15.3 cos2φ – 6.1 cosφ + 1.6 (43). Gradient-
enhanced 31P-HSQC (spectral width 2000 × 500 Hz, 2048 × 128

complex points), 31P-HSQC (spectral width 6000 × 2000 Hz, 4096
× 128 complex points) and 31P-HCOSY (spectral width 6000 ×
2000 Hz, 4096 × 128 complex points) experiments were also
carried out (44,45). All 31P spectra were referenced indirectly
through the gyromagnetic ratio to trimethyl phosphate by
external calibration on TSP (46).

Molecular modeling: distance constraints

Distance constraints were derived from a 200 ms NOESY
experiment at 750 MHz (no additional NOEs involving the
abasic site were detected at shorter or longer mixing times).
Peak volumes were assigned by visual inspection using H2′–
H2″ NOEs and cytosine H5–H6 NOEs as a guide for strong
NOEs. NOEs were classified as strong, medium and weak with
distances of 1.8–3.5, 2.5–4.5 and 1.8–5.5 Å, respectively. One
additional angstrom was added for distance constraints
involving methyl groups. NOE volumes were also calculated
with the peak pick protocol in Felix 95 and the measured
volumes agreed well with those derived from visual inspection.
Hydrogen bonds between base pairs were only included as
restraints for those base pairs for which exchangeable imino
protons could be assigned in the 200 ms NOESY spectrum in
90% H2O/10% D2O. For this reason no constraints were added
for the terminal base pairs. All 475 experimentally determined
NOEs were included in the molecular dynamics runs. Since the
same number and types of NOEs were seen for both anomers,
including the abasic site region, the same classes of NOE
constraints were used in the molecular modeling protocol for
both anomers.

Dihedral angle constraints

With the exception of the abasic site, the H1′–H2′ and H1′–
H2″ coupling constants were consistent with a C2′ endo
conformation for the deoxyribose. Therefore, the dihedral
angle for H1′–C1′–C2′–H2″ was set at 30 ± 25° and that for
H1′–C1′–C2′–H2′ was set at 150 ± 25°. For the abasic site, in
addition to the H1′–H2′ and H1′–H2″ coupling constants, the
H2′–H3′, H2″–H3′ and H3′–H4′ coupling constants allowed us
to estimate the pseudorotation angle and pucker amplitude (47)
and, consequently, a single solution was determined for the
dihedral angles of the sugar ring using Karplus equations (48–
50).

All four possible δ torsion angles were calculated for each
abasic site anomer using standard methods (43) and separate
calculations were performed for each of these solutions. Only
the solution that consistently gave the lowest energy conforma-
tion was used in the final molecular modeling runs. A total of
101 dihedral constraints (46 backbone constraints and 55 deoxy-
ribose constraints) were included in the molecular dynamics
calculations.

Building of initial coordinate files

The abasic site-containing oligonucleotide was initially
constructed in InsightII v.95 (Molecular Simulations Inc.) as
double-stranded DNA (B-form) by removal of the base at the
abasic site position and addition of OH in either the α or the β
conformation. The parameter and topology files of the
CHARMm force field (51) were modified separately for each
abasic site anomer. In these two files the base was removed
from a nucleotide unit and an OH was added at the 1′ carbon in
the α or β position with the appropriate bonds, angles and
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electrostatic charges based on a hydroxyl bound to an sp3

carbon available in the force field. Each set of molecular
coordinates for 1 built in InsightII was then read into XPLOR
3.851 on a Silicon Graphics (SGI) workstation to build the
molecular structure file (psf) and molecular coordinate file
(pdb) necessary for the molecular dynamics calculations, using
the CHARMm force field. This rewriting of the initial pdb file
built in InsightII is necessary to reconcile the InsightII naming
conventions for protons with those of the force field used in the
XPLOR calculations.

Molecular dynamics calculations

All molecular dynamics calculations were performed on the
abasic site in vacuo. Initial coordinates for the abasic site were
energy minimized at 300 K with 200 steps of conjugate
gradient minimization. All experimental constraints were
included in initial minimizations, molecular dynamics trajectories
and final minimizations. Molecular dynamics trajectories were
then run for 100 ps at 300 K. Throughout the energy minimiza-
tions and molecular dynamics trajectories, planarity constraints
were included for the purine bases at 50 kcal mol–1 Å–2. The
NOE force constant was 50 kcal mol–1 Å–2, while the dihedral
angle force constant was 200 kcal mol–1 rad–2 for both anomers.
These force constants were chosen to minimize NOE distance
constraint and dihedral angle constraint violations. For the
α anomer, lowering the force constant for the dihedral angle
constraint to 40 kcal mol–1 rad–2 had no effect on the final struc-
ture. For the β anomer, lowering the force constant to 40 kcal
mol–1 rad–2 caused a few dihedral angle constraint violations at
the strand opposite the abasic site. Non-bonded interactions
had a cut-off of 11.5 Å. The non-bonded interaction was
switched from on to off between 9.5 and 10.5 Å. During the
molecular dynamics calculations, atomic coordinates were
written to a trajectory file every 0.2 ps throughout the 100 ps
molecular dynamics trajectory. The structure was averaged
over the last 20 ps of the run and the averaged structure was
again subjected to 200 steps of conjugate gradient minimiza-
tion. Ten structures were calculated for the α anomer and 20
structures were calculated for the β anomer. Coordinates for
the final structures have been deposited in the PDB (α anomer,
1G5D; β anomer, 1G5E), in addition to the coordinates for an
average minimized structure (α anomer, 1GIZ; β anomer, 1GJO).

Back-calculations

Back-calculations were performed in InsightII using the itera-
tive relaxation matrix (IRMA) approach (52,53). The entire
200 ms NOESY spectrum at 750 MHz was back-calculated for
the average of 10 abasic site structures for the α anomer. For
the β anomer, the average of 10 structures with the abasic site
in a flipped-out conformation were chosen for back-calcula-
tion. The spectra were calculated using the full relaxation
matrix. Parameters for the IRMA calculations were set as
follows: the rotational correlation time was 3 ns and the default
T1 leakage was 10 s–1.

RESULTS

Preparation of the abasic site

Oligonucleotides d(CCAAAGUACTGGG) (2) and
d(CCCAGTACTTTGG) (3) were synthesized and purified

using standard procedures. The abasic site was generated in 2
by removing the uracil using uracil-DNA glycosylase. The
resulting compound 4 was purified by reverse phase and anion
exchange HPLC and appeared to be homogeneous (Supple-
mentary Material, Fig. S1A). A 1:1 ratio of 4 and 3 was mixed,
heated to 70°C and annealed to give duplex DNA (1). Anion
exchange HPLC analysis of the resulting mixture under non-
denaturing conditions showed a single species with a retention
time of 25 min (Supplementary Material, Fig. S1B). The
species had an ESI-mass spectrum consistent with the
predicted structure. Furthermore, the 1D NMR spectrum of the
duplex showed sharp peaks as expected for a stable duplex
(Supplementary Material, Fig. S2). Linewidths in D2O are
similar for the abasic site protons and the remaining protons of
the oligonucleotide. The stability of 1 under the conditions
used for NMR data acquisition was confirmed (as described in
Materials and Methods).

Two samples of 1 were prepared. One (2.5 mM) was used to
assign all the proton chemical shifts. The second (3 mM) was
used to characterize the sugar pucker of the α and β anomers of
the abasic site and to measure the coupling constants required
to determine the backbone dihedral angles.

Assignment of the proton chemical shifts

The proton chemical shifts for 1 were assigned by NOESY and
TOCSY experiments in D2O using standard procedures (54).
The base proton to base proton connectivity was established
using a 400 ms NOESY experiment. Deoxyribose protons
(H1′–H4′) were assigned for all residues using 30 and 60 ms
TOCSY experiments, as were cytosine H5–H6 and thymine
H6–methyl connectivities. The base proton to deoxyribose
connectivity was established using mainly a 200 ms mixing
time NOESY experiment, although 50, 100 and 400 ms mixing
time NOESY experiments were also used in crowded regions.
NOE walks were carried out for the base–H1′ (Fig. 2), base–
H2′, base–H2″ and base–H3′ protons for all bases in the
complementary strand and for C1–G6 and A8–G13 in the
abasic site-containing strand. NOESY experiments (100, 200
and 400 ms) in 90% H2O/10% D2O were used to assign the
adenine H2 and exchangeable imino and amino protons. The
chemical shift assignments for the GXAC region are presented
in Table 1 and the full chemical shift assignments for the
2.5 mM sample are summarized in Supplementary Material,
Table S2. Two sets of chemical shifts were assigned for the
deoxyribose protons of the abasic site (Table 1). Two distinct
chemical shifts were also assigned to the G6 base and its H3′
protons, adjacent to the abasic site, and for many of the protons
of G18, T19, A20 and C21. Complete NOE walks were accom-
plished from A17 to T22 for each set of NOEs. Thus two
distinct conformations were observed for the backbone of the
complementary strand in the GXAC region. With the excep-
tion of the chemical shifts for the abasic site, the chemical shift
differences between the anomers in this region were small
(0.02 p.p.m.) and the relative NOE intensities for the two sets
of peaks were similar. Thus the differences in conformation of
the strand complementary to the α and β anomer of the abasic
site are expected to be small. A third conformation of the
abasic site (∼5% of the total sample) is also apparent in some
regions of the spectrum. It has not been investigated further
due to its low abundance.
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As noted above, two different samples of abasic site duplex
have been utilized in acquisition of the data. Small chemical
shift changes were observed between these samples (compare
Tables 1 and 2).
Chemical shifts for the 3 mM sample were generally shifted

downfield by 0.02–0.05 p.p.m. from those assigned for the
2.5 mM sample. The changes in chemical shifts are probably

due to minor changes in ionic strength between the two
samples. Despite these chemical shift changes, the relative
NOE intensities were similar. Thus no appreciable structural
differences are expected for the two samples.

Assignment of the α and β anomers

Unambiguous assignment of the chemical shifts for the
different anomers of the abasic site was straightforward based
on the differences in the intensities of the NOEs between H1′
and H2′ versus H2″. For the β anomer, the H1′ proton is closer
to the H2″ proton than to the H2′ proton, resulting in a larger
NOE to the former. The reverse is true for the α anomer
(Supplementary Material, Fig. S3). The unambiguous assign-
ments of the H2′ and H2″ protons were based on the relative
intensities of their NOEs to H3′. The H2′ chemical shift is
downfield from the H2″ chemical shift in the α anomer. The
reverse is true for all other deoxyriboses in the sample. The
anomer ratio α:β is ∼60:40. A similar ratio is observed in the
furanose form of 2-deoxy-D-ribose at pH 7 (55).

Establishing sugar puckers

Coupling constants for all deoxyriboses are consistent with the
C2′ endo conformation expected for B-form DNA (Supple-
mentary Material, Table S3), except for the abasic sites. Table 3
summarizes the assigned coupling constants for each abasic
site deoxyribose. The H1′–H2′ coupling constant for the
β anomer could not be determined from the H1′–H2″ multiplet

Figure 2. NOE walks from H1′ to base protons for a 200 ms NOESY experi-
ment at 750 MHz. (A) C1–G6 and A8–G13 are shown. (B) C14–G26 is
shown. Where the α anomer differs from the β anomer (G18–C21), its NOE
walk is shown as a dashed line. Connectivity cannot be seen between A20 and
C21 for this region, but it is clearly seen in the H2′/H2″–base and H3′–base
regions.

Table 1. Chemical shift assignments in p.p.m. for the GTAC region of the
2.5 mM sample of 1

Base H1′ H2′ H2″ H3′ H4′ H8/H6 H2/H5/Me NH imino NH2

G6 α 5.67 2.41 2.42 4.89 4.29 7.52 12.73

G6 β 5.67 2.41 2.42 4.92 4.29 7.55

Abasic α 5.26 1.96 1.83 4.49 4.38

Abasic β 5.33 1.87 2.06 4.42 4.05

A8 6.35 2.81 2.96 5.00 4.48 8.39 7.70

C9 5.81 1.90 2.45 4.72 4.22 7.31 5.26 6.73

8.07

G18 α 5.79 2.41 2.57 4.87 4.36 7.55 12.66

G18 β 5.79 2.40 2.56 4.87 4.36 7.53 12.66

T19 α 5.74 1.95 2.29 4.72 4.21 7.05 1.23 14.16

T19 β 5.73 1.94 2.26 4.70 4.21 7.02 1.18 14.16

A20 α 6.10 2.52 2.68 4.92 4.35 8.14 7.37

A20 β 6.11 2.51 2.68 4.92 4.35 8.16 7.37

C21 α 5.91 2.23 2.51 4.76 4.28 7.67 5.67

C21 β 5.91 2.22 2.51 4.76 4.26 7.67 5.67

Table 2. Chemical shifts in p.p.m. for the abasic site protons in the 3 mM
sample

H1′ H2′ H2″ H3′ H4′

α 5.32 2.04 1.88 4.54 4.38

β 5.37 1.91 2.11 4.49 4.05
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in the PECOSY spectrum because of spectral overlap with the
H1′–H2′ multiplet of C2. Similarly, spectral overlap prevented
measurement of the H2′–H3′ coupling of the α anomer.
Comparison of the experimentally determined coupling
constants with the range of coupling constants expected for the
possible pseudorotation angles showed that the α anomer is
most consistent with an O1′ endo conformation and that the
β anomer most closely corresponds to a C1′ exo conformation
(47).

Establishing the phosphodiester backbone conformation

All H3′–31P coupling constants were determined using an H3′
selective {31P}-H heteronuclear correlation experiment
(41,42), except for that at G18 due to spectral overlap (Supple-
mentary Material, Table S4). Good dispersion of chemical
shifts in the H3′ region made these assignments possible,
including the area around the abasic site (Fig. 3). Since 31P
chemical shifts are sensitive to O–P–O angles as well as back-
bone torsion angles (54), unusual 31P chemical shifts could be
indicative of deviation from B-form or A-form DNA.
However, all 31P chemical shifts, including those of the
abasic site, were within the normal 31P envelope (approximately

–4.7 ± 0.6 p.p.m., as referenced; 46), which confirmed that
there are no significant distortions in the helix. All coupling
constants are consistent with a B-form DNA conformation for
1, including the area around the abasic site.

Abasic site conformation

Ten NOE constraints are assigned to each anomer. Four of
these NOEs are unusual and hence structurally informative
(Table 4). In B-form DNA the interaction between H3′ and the
base proton 3′ to this sugar is generally weak (Fig. 4).
However, the H3′ interaction with H8 of A8 is strong in both
the α and β anomers. In B-form DNA the interaction between
H2′ and H2″ and the base proton 3′ to this sugar is generally
medium and strong, respectively. In both anomeric conformers
of the abasic site the H2′ and H2″ protons showed very weak
NOEs to H8 of A8 (data not shown). Finally, a weak NOE
interaction was detected between H3′ of both abasic site
anomers and the H3′ of G6. This information played a key role
in defining a model structure for the two anomeric deoxyri-
boses. In the case of abasic site H3′ to A8 H8 the distance
constraint was defined to vary between 2 and 3 Å, while in the
case of H2′ and H2″ to A8 H8 it was 4.8–7 Å for the α anomer
and 4.5–6.5 Å for the β anomer. These NOEs require sugar
conformations for both anomers that deviate from standard
B-form DNA.

Molecular dynamics

Ten separate structures were calculated for the α anomer and
20 structures for the β anomer of 1. A greater number of MD
runs was performed for the β anomer because there was greater
variation in the final structures. None of the final structures
contain any NOE distance constraint violations >0.5 Å or
dihedral angle constraint violations >5°. A stereo view of the
overlay structures of the results for each anomer is seen in
Figure 5. Seventy percent of the structures for each anomer are
nearly identical, while the remainder of the solutions differ
only in the location of the abasic site with respect to the helix.
The results of the modeling runs for both anomers are summa-
rized in Supplementary Material, Table S5.

In the case of the α anomer all 10 structures have the abasic
site deoxyribose flipped out of the helix ∼90° (Fig. 6A). The
α anomer shows two of 10 structures with the abasic site O1′
in hydrogen bonding distance to the adjacent 2-amino group of
G6 (Fig. 6A, blue), while the remaining eight structures are
devoid of this putative interaction (Fig. 6A, green). For the
β anomer, 14 of 20 structures have the abasic site flipped out of
the helix ∼90° (Fig. 6B, blue). In these structures the abasic site
O1′ is positioned to hydrogen bond with the 2-NH2 group of
G6 in a conformation similar to the two observed for the
α anomer (Fig. 6A and B, blue). These hydrogen bonds were

Table 3. JHH coupling constants in Hz for the two abasic site anomers

Nd, not determined due to spectral overlap.

H1′–H2′ H1′–H2″ H2′–H3′ H2″–H3′ H3′–H4′

α 4.4 ± 0.5 1.3 ± 0.5 Nd 2.5 ± 0.5 8.0 ± 0.5

β Nd 4.3 ± 0.5 7.3 ± 0.5 <4.8 ± 1 <6.8 ± 1

Figure 3. H3′-selective 31P HCOSY experiment at 600 MHz (41,42). All
backbone coupling constants can be measured from these data, except that for
G18 due to overlap. The abasic site anomers can be distinguished. Their
chemical shifts are similar to the other 31P chemical shifts.

Table 4. NOE interactions involving the α and β anomers of the abasic site
(X) and their neighboring bases

NOE Strength of interaction

X H2′–A8 H8 Weak

X H2″–A8 H8 Weak

X H3′–A8 H8 Strong

G6 H3′–X H3′ Weak
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not detected in our H2O experiments, suggesting that if they
were present, they would have been in rapid exchange with the
solvent. One of 20 structures of the β anomer shows the abasic
deoxyribose flipped out of the helix ∼180° (Fig. 6B, green) and
the remaining five structures show the abasic site as intrahelical
(Fig. 6B, yellow). The five intrahelical structures show the
abasic site O1′ within hydrogen bonding distance of the 6-NH2
group of the adenine opposite the lesion (A20, not shown). The
intrahelical conformation of the abasic site deoxyribose for the
β anomer most likely results from this putative hydrogen
bonding stabilization between the deoxyribose and the opposite
base, but it may not be representative of the conformation of
the β anomer in solution.

Back-calculating structures

One method to obtain insight into the model that best describes
the abasic site structures is to back-calculate the NMR data and
to compare them with the experimental results. The 200 ms
NOESY spectra for the α and β anomers were back-calculated
using the IRMA protocol in InsightII. Ensembles of 10 structures
in the major extrahelical conformation were back-calculated
and showed good agreement to the experimental data (Fig. 7).
Back-calculations of the 200 ms NOE spectrum of the
β anomer of the abasic site in the intrahelical position do not
agree with the experimental data. For example, they predict
strong NOEs between the abasic site H1′ and G6 H1′ and G6
H4′, which were not observed experimentally.

DISCUSSION

There are four reports in the literature of structural models of
actual abasic sites in oligonucleotides with which to compare
our results (29–32). We will focus on the work that has shed
light on the importance of the base opposite the lesion and the
sequence context of the lesion (29–31). Beger et al. (29) have
investigated an abasic site (X) opposite adenine in the GAXAC

sequence context (29,30) in which they observed a nearly
equal population of α and β anomers (29,30). Their model
structures showed that the β anomer of the deoxyribose was
intrahelical and that the α anomer of the deoxyribose was
somewhat more surface accessible but largely intrahelical. In
their modeling protocol for both anomers a water molecule
was included that formed a hydrogen bond to the abasic site
hydroxyl group and to the amino group of the adenine opposite
the abasic site (29). The distance between O1′ of the abasic site
and the nearest proton of the 6-amino group of the adenine
opposite this site was 1.7 Å for the α anomer and 4.6 Å for the
β anomer. In our GXAC sequence of 1 our models suggest that
both anomers have a similar degree of extrahelicity (Fig. 8C
and D). The distance between O1′ of the abasic site and the
nearest proton of the 6-amino group of the adenine opposite
this site is 9.0 Å for the α anomer and 6.9 Å for the β anomer.
Thus the neighboring bases flanking the abasic site influence
its conformation with respect to the helix.

The importance of neighboring bases is further substantiated
by studies of Wang et al. (31) on an abasic site opposite an A
tract: d(CGCAAAAATGCG)·d(CGCATTXTTGCG). The
abasic site disrupts the structure relative to the undamaged
parent structure up to 4 bp in each direction of the lesion.
Furthermore, the curvature of the intact oligonucleotide is

Figure 4. H3′ to base proton region for 1, where X indicates the position of the
abasic site, in a 200 ms NOESY experiment at 750 MHz. Strong NOEs are
observed between the H3′ of the abasic site and its neighboring A8 H8. In
B form DNA these NOEs are expected to be much weaker, as illustrated by the
NOE between A5 H8 and A4 H3′.

Figure 5. Stereo view of overlay structures of 10 α anomers (top) and 10 β
anomers (bottom) of the abasic site-containing oligonucleotide. The abasic site
and the base opposite the abasic site are indicated in red.
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absent in the corresponding abasic site-containing oligonucleotide.
The influence of either anomer of the abasic site in our GXAC
sequence extends only 1 or 2 bp in each direction.

In order to understand the influence of the base opposite the
abasic site on structure, Beger et al. (29) examined GAXAC,
described above, with a cytosine opposite X. Their modeling
suggested that the abasic site was more surface accessible then
when X was opposite adenine and further revealed that there
were two different conformers of the β anomer and no
α anomer (29). The absence of an α anomer is an unusual
result and suggests that further studies are required. However,
in this sequence context the A and C were both intrahelical, as
we have observed in GXAC.

The predominant deoxyribose conformations of the abasic
site in 1 have not been observed in solution for any of the other
abasic site model structures and they are closest to conforma-
tions observed in crystal structures of abasic site analogs
bound to repair enzymes (Fig. 8E and F). The crystal structures
of both APE1 and E.coli endonuclease IV show THF analogs
completely flipped out of the helix and into a specific binding
pocket on the protein (27,28).

Structure-driven mutagenesis studies suggest that APE1
does not play an active role in flipping of the deoxyribose to its
extrahelical conformation and that flexibility of the substrate is

important in enzyme recognition (27). APE1 has also recently
been shown to be processive over 200 bp or more (56).
Successful scanning of the DNA is also likely to be related to
its flexibility. Recent studies of diffusion coefficients by NMR
demonstrate the flexibility of lesioned DNA relative to duplex
(57). However, flexibility is not exclusively responsible for
recognition of the lesioned duplex by APE1, as the enzyme
binds a gapped duplex more tightly than a nicked duplex, and
both would be expected to be flexible (58).

Despite increased flexibility (57), no significant bending in
the helix in the region of the abasic site has been reported for
any solution NMR structures (29–32). In fact, the abasic site in
the dA tract discussed above eliminates the curvature of the
intact duplex (31). These results contrast with the crystallo-
graphic data of THF-lesioned duplexes bound to repair
enzymes (27,28). Bends in the helix away from the damage to
varying extents have been observed with both APE1 and endo-
nuclease IV.

The structure of APE1 bound to THF allowed Mol et al. (27)
to suggest that the α anomer, the expected product of glycosy-
lases, uniquely fits into the enzyme’s binding pocket. Our
structural model is the only one to define the sugar pucker

Figure 6. Representative conformations for the range of structures obtained by
molecular modeling of both abasic site anomers. Possible hydrogen bonding is
denoted by blue lines with putative hydrogen bonding distances given in Å.
The abasic site O1′ (ball) and O4′ (stick) are shown in red, the H1′ and O1′H
in white. (A) Two representative conformations of the α anomer (green, 8/10
solutions; blue, 2/10 solutions); (B) three representative conformations of the
β anomer (5/20 solutions in yellow; 14/20 solutions in blue; 1/20 solutions in
green).

Figure 7. Back-calculation of a 200 ms NOESY spectrum (750 MHz). The
experimental data is shown in black, the back-calculated spectrum of the α
anomer is overlaid in blue and the back-calculated spectrum of the β anomer is
overlaid in green. Back-calculations were performed on an average of 10 struc-
tures for both anomers. Black arrows indicate examples of NOEs belonging to
a minor conformation in the experimental data which could not be assigned
due to its low abundance in solution (∼5%). The weak NOEs of the abasic site
(indicated by red arrows) can be seen in the back-calculated spectrum at a
lower contour level.
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conformations accessible to an abasic site lesion. In our
sequence context this conformation is C1′ exo for the
β anomer. Our modeling studies using the APE1 coordinates
reveal that β anomers with altered sugar puckers can also
access the binding pocket. This is reasonable, since abasic sites
generated non-enzymatically will be a 1:1 mixture of α and
β anomers, both of which must be repaired.

Finally, evidence is mounting that recognition of abasic sites
in the BER pathways depends on specific enzyme–enzyme
interactions (59–61). While enzyme–enzyme interactions may
play a role in recognition of abasic sites generated enzymatically,
for example by glycosylases, abasic sites created non-enzy-
matically in vivo by hydrolysis are probably recognized
directly by endonucleases. The possibility cannot be excluded,
however, that abasic sites could be recognized by the glycosy-
lases, which are known to bind product tightly. Thus under-
standing all the factors that contribute to recognition of the
abasic site by the repair endonucleases remains an important
goal. Further systematic studies of these lesions in different
sequence contexts with different opposing bases and studies in
larger pieces of DNA are essential.

SUPPLEMENTARY MATERIAL

Supplementary Material is available at NAR Online.
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