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Abstract

lonizing 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. Similar to 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 solve 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 3’
orientation, (—3 duplex, (AP),—3 duplex), while in the second duplex the AP residues are
staggered in the 5’ orientation (+3 duplex, (AP),+3 duplex). NOESY spectra collected in 100%
and 10% D,0 buffer solutions allowed the assignment of the non-exchangeable and exchangeable
protons, respectively, for each duplex. Cross peak connectivity in the non-exchangeable proton
spectra indicate that the duplex is a regular right-handed helix with the AP residues and orphan
bases located inside the duplexes. The exchangeable protons spectra establish the formation of
Watson-Crick GeC alignment for the two base pairs between the lesion sites in both duplexes.
Distance restrained molecular dynamics simulation confirmed the intra helical 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 +3 duplex is similar to their locations in the case of —1 and +1
clusters. This difference in structure may be a key factor in the differential recognition of
bistranded AP lesions by human AP endonuclease.
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lonizing 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 mechanisms of energy deposition from ionizing radiation is unique for its ability
of producing clustered lesions, which are multiply damaged sites (MDS) within one turn of
the DNA helix (4,5). Bistranded abasic clustered lesions are particularly noteworthy since
their complexity poses a serious challenge to DNA repair enzymes in cells; lesions that are
not repaired can be mutagenic while miss repair 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 efficiency of DNA repair
enzymes. Enzymatic studies show differences in endonuclease activity depending on the
arrangement of the AP lesions (6—12). When bistranded AP residues are staggered in the 3’
orientation and positioned one or three residues apart (—1 or —3 lesion), human AP
endonuclease 1 (hApel) cleaves less than 10% of either AP residue (8). However when the
bistranded AP residues are staggered in the 5 orientation (+1 or +3 lesion), the enzyme
shows significant cleavage of the AP residues, similar to that observed for a single AP lesion
duplex (8). Similar observations 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 similar efficiency 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 the present one, the structures of
two pairs of DNA 13-mer duplexes containing 3’- and 5’-oriented (—1 and +1 duplexes,
respectively) bistranded AP lesions have been solved (8,13). In one study the abasic residues
were separated by a GeA mismatched pair in the central sequences d(T-G-F-G)-.d(A-F-A-
C)- and d(G-F-G-T)-.d(C-A-F-A)- respectively. Those results indicated that the AP residues
are arranged in extra helical bulges with the formation of a GeA mismatched pair which is
coplanar in the —1 duplex, but with the G and A intercalated into the helix in the +1 duplex.
In the second study, the impact on structure and stability of a Watson-Crick GeC 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 (+1) bistranded AP clusters (8). In this case, the central GeC 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
extra helical orientation on the major groove of the +1 duplex.

The aim of this study is to further investigate the difference in DNA structure between 3’
and 5’ oriented bistranded AP clusters that are three base pairs apart. We have chosen for
synthesis (14), a (—3) duplex, designated (AP),—3 duplex, and a (+3) duplex, designated
(AP),+3 duplex, with bistranded THF abasic sites (Figure 1) and compare these results to
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

The synthesis of AP duplexes was done by the phosphoramadite chemistry method,
incorporating a THF residue as previously described (14). Purification of the samples was
done by reverse phase HPLC, desalting and conversion to the sodium salt was achieved
using a Sephadex G-25 column and a Dowex 50W cation exchange column respectively (8).
Complimentary strands of each duplex were annealed after using Gene Runner V3.0,
(Hasting Software Inc.) and making UV absorption measurements at 260 A to determine the
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amount of each strand that would yield 1:1 stoichiometry. Samples were then lyophilized
and dissolved in 0.7 ml of 25 mM phosphate buffer at pH 6.8, containing 50 mM NaCl and
0.5 mM EDTA in 99.96% D,0 or in 90% H,0/10% D20.

NMR Methods

Both one-dimensional (1D) and two-dimensional (2D) NMR spectra were recorded using
either a 600 MHz or a 500 MHz Varian NMR spectrometer. Proton spectra were collected
from samples dissolved in 99.96% DO at 15 °C and in 90% H,0/10% D,0 at 1 °C.
NOESY (15) spectra in 100% D,0O were collected at mixing times of 50 ms 100 ms 200 ms
and 300 ms for distance estimates and proton assignment. COSY, DQF-COSY, and TOCSY
(60, 120 ms mixing times) spectra were collected to aid in proton assignment. The repetition
delay for 2D spectra collected with the sample dissolved in D20 at 25 °C was 1.4 s during
which time a saturation pulse was applied to suppress the water signal. 1D, spectra over the
5° to 35° C temperature range, and two-dimensional NOESY maps (120 ms and 220 ms
mixing times) at 5° C were also collected in 10% D,0 using a jump-return reading pulse
(16). All 2D spectra consisted of 2048 by 300 complex data points in the t, and t;
dimensions, respectively. NMR spectra were processed on a Silicon Graphics computer
using Felix97 (Biosym) software. Before the Fourier transformation was performed, time
domain data were multiplied by a sinebell function and a convolution function, if necessary
for further water suppression. NOESY, COSY and TOCSY spectra collected at room
temperature, were used to deduce the sequence specific assignment of non-exchangeable
protons as previously described (17-19). The AP residues were identified from COSY
spectra by their distinctive sugar protons, which appeared around a 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 done on
Silicon Graphics Workstation computers using Insight Il (Accelrys, San Deigo, CA) and X-
PLOR 3.1 (20), respectively. Structures were visualized with Midas Plus (UCSF, Computer
Graphics Laboratory), and helical parameters were computed using Curves 5.1 (21,22). Two
initial models of each duplex were constructed in Insight I, starting with 14-mer A-Form
and B-form DNA duplexes, and then replacing the purine or pyrimidine moieties with a
single proton to create the THF residues. Initial models were minimized before beginning
molecular dynamics.

NOE cross peak volumes were measured from all NOESY spectra in D,O and interproton
distances were calculated for each mixing time, using a relaxation protocol in X-PLOR. This
was done for each (AP), 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), 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 cytosine
H5-H6 and sugar H2’—H2” protons. A total of 533 NOE restraints for the (AP),—3 duplex,
and 554 NOE restraints for the (AP)2+3 duplex were derived and used for restrained
molecular dynamics simulations.

The starting models of each (AP), duplex were then refined by running restrained molecular
dynamics simulations, which were done in vacuum using the CHARM all atom force field
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(23). Distance bounds of + 0.35 A and + 0.8 A, for distances derived from non-overlapped
and overlapped peaks, respectively, were enforced using a square well potential energy
function. Watson-Crick alignments deduced from NOESY spectra in H,O were enforced by
distance restraints with bounds of + 0.1 A, using distances derived from X-ray
crystallography. Backbone and sugar pucker restraints were implemented as previously
described (8,17). The four terminal residues of each duplex were restrained in the C2’-endo
conformational range following the analysis 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 in raising the temperature of the structures from one of
four initial starting values (150, 200, 250 and 300 K) to a high temperature of 500 K in 70
ps. The scale of the NOE distance restraints was gradually increased as the temperature was
raised. Simulation continued at 500 K for 42, 44, 46, 48 and 50 ps for five separate
simulations, time after which the system temperature was reduced to 300 K in 40 ps. The
resulting 20 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), duplex. These final structures showed no NOE violations greater than 0.1 A and
exhibited pair wise root mean square deviation (rmsd) measurements of 1.2 A or less. The
low van der Waals energy for the refined structures was achieved by lowering the penalty
NOE function during the final 120ps of restrained dynamics at room temperature.

Non-exchangeable Protons(AP),—3 Duplex

The expanded NOESY contour map (mixing time 300ms) showing connectivity between the
base (7.0-8.5 ppm) and the sugar H1’ (5.2-6.4 ppm) protons at the lesion site of the
(AP),—3 duplex is plotted in Figure 2. The complete walk around the expanded NOESY plot
of this same region is illustrated in Figure S1 (Supporting Information). Cross peak
connectivity between base (pyrimidine H6/ purine H8) protons and their own and 5’
flanking sugar H1’ protons indicate that the helix is right-handed in the (AP),—3 duplex. No
inter-residue cross peaks were observed between the base and the sugar H1’ 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, and are consistent with the arrangement of both AP
residues inside the helix.

Cross peaks between base H6/H8 protons and their own and 5’ flanking the sugar H2’/2”
protons provide further evidence of the right handedness of the helix (Figure 3) for the
(AP),—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.
Intra-residue cross peaks are observed between H3’ protons and H2’/2” protons of both F9
and F23, indicated by labels O, P and P’ in Figure 3. Cross peaks consistent with intra
helical AP residues are observed between residues G10 and F9, and between A24 and F23.
These peaks were assigned to G10(H8)-F9(H2’/2™), labeled as peak E in Figure 3, and on
the complimentary strand, two cross peaks were assigned to A24(H8)-F23(H2") and
A24(H8)-F23(H2"), labeled peaks B and B’ in Figure 3.

In the symmetrical base region of the NOESY spectrum, no cross peak was observed
between the residues flanking the AP sites, which is again consistent with the AP residues
being inside the helix. Also supporting the intra helical arrangement of AP residues, is the
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existence of inter-residue cross peaks between the AP site (H3’, H4” and H1’1”) protons and
the 3’ flanking base protons (Figure S3 in the Supporting Information). The sugar H1’/1”
protons of the AP residues F9 and F23 are visible in COSY spectra but cannot not be
stereospecifically assigned. These cross peaks occur around a chemical shift of 4.1-4.2 ppm.
The cross peaks between A24(H8)-F23(H3’)/F23(H4’)/F23(H1’/1”) are labeled peaks A, B
and C in Figure S3, and on the complimentary strand cross peaks between G10(H8)-
FI(H3’)/F9(H4’)/F9(H1°/1”) are labeled peaks D, E and F in Figure S3.

The orphan purine bases A6 and A20 show sequential connectivity with both 5* and 3’
flanking residues in the NOESY spectra. The sequential connectivity involving base and
sugar H1’ protons through A6 in the segment (T5-A6-T7).(A22-F23,-A24), and through
A20 in the segment (G8-F9-G10).(C19-A20-C21) shown in Figure 2 and Figure S1, indicate
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), sugar H2’/
2” (3.0-1.8 ppm) region of the NOESY spectrum. In Figure 3 peaks labeled G/G’-H/H’-1/1’-
J/J” show sequential connectivity through A6 while peaks labeled K/K’-L/L’-M/M’-N/N’
show sequential connectivity through A20. These peaks are consistent with the arrangement
of the adenosine residues inside the helix in the (AP),—3 duplex. Table S1 in the Supporting
Information shows the chemical shifts of protons from each residue measured from the two-
dimensional NOESY maps of the (AP),—3 duplex.

(AP)>+3 Duplex

The expanded NOESY contour map (mixing time 300ms) showing through-space
connectivity between the base (7.0-8.5 ppm) and the sugar H1’ (5.2-6.4 ppm) protons at the
lesion site of the (AP),+3 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 5’ flanking sugar H1’ protons indicate that the helix is right-handed in the
(AP)2+3 duplex Again similar to the (AP),—3 duplex, no inter-residue cross peaks are
observed between the base and the sugar H1’ protons of residues flanking the AP sites. The
missing cross peak between G5 and G7, and A19 and A21 are indicated by arrows C and D
in Figure 2, and are consistent with the arrangement of both AP residues inside the helix in
the (AP),+3 duplex.

Similar to the (AP),—3 duplex, cross peaks between base H6/H8 protons and their own and
5’ flanking the sugar H2’/2” protons provide evidence of the right handedness of the helix
(Figure 3) for the (AP),+3 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 between G7 and F6. This peaks was assigned between
G7(H8)-F6(H2’/2) and labeled peak F in Figure 3. On the complimentary strand, a cross
peak is visible between A21 and F20. This peak is assigned to A21(H8)-F20(H2’/2”), and
labeled C in Figure 4. These cross peaks are all consistent with the intra helical arrangement
of both AP residues in the (AP),—3 duplex. No cross peak is visible between the residues
flanking the AP sites in the symmetrical base region of the NOESY spectrum of the (AP),+3
duplex. The sugar H3’, H4’ and H1’/1” protons of the AP residues display inter-residue
cross peaks with their 3” neighboring base H8 protons. These peaks are assigned to G7(H8)-
F6(H3’)/F6(H4°)/F6(H1’1”), which are labeled A, B and C in Figure S4, and to A21(H8)-
F20(H3’)/F20(H4’)/F20(H1°/1”), which are labeled C, D, and E in Figure S4. These peaks
indicate that both F6 and F20, are located inside the helix. This is similar to the (AP)>—3
duplex where both AP residues exhibit similar peaks.

The orphan purine bases A9 and A23 show sequential connectivity with both 5* and 3’
flanking residues in the NOESY spectra. The sequential connectivity involving base and
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sugar H1’ protons through A9 in the segment (T8-A9-T10).(A19-F20,-A21), and through
A23 in the segment (G5-F6-G7).(C22-A23-C24) as shown in Figure 2 and Figure S2,
indicate 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), sugar H2’/
277 (3.0-1.8 ppm) region of the NOESY spectrum. In Figure 3 peaks labeled M/M’-L/L’-K/
K’-N/N’ show sequential connectivity through A9 while peaks labeled I/I’-H/H’-G/G’-J/J
show sequential connectivity through A23. These peaks are consistent with the adenosine
residues being arranged inside the helix in the (AP),+3 duplex. Table S2 in the Supporting
Information lists the chemical shifts of protons from each residue measured from the two-
dimensional NOESY maps of the (AP),+3 duplex.

Exchangeable Protons. (AP),—3 Duplex

At low temperature the one-dimensional spectrum of the (AP),—3 duplex exhibits eight
partially and fully resolved spectral lines between 12.0-14.0 ppm which are assigned with
the aid of two-dimensional NOESY spectra (220ms mixing time). From the one-dimensional
spectrum three partially resolved signals between 13.0-14.0 ppm are assigned to the four
thymidine imino protons while the five spectral lines between 12.0-13.0 ppm are assigned to
five fully resolved signals of guanosine imino protons thereby accounting for the internal
Watson-Crick base pairs in the (AP),—3 duplex (Figure 4 top and Figure 6). Signals from
the terminal imino protons of G15 and G28 are not resolved at 5° C as a result of fraying of
the terminals of the helix. Imino proton signals from T7 and G8 in the central segment (T7-
G8).(A22-C21) are conspicuously absent from the NOESY spectrum (Figure 4), possibly
due to rapid exchange with protons of the solvent.

The phase-sensitive NOESY spectrum (220ms mixing time) 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 AsT and G+C 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 guanosine, 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),—3 duplex,
base pairs flanking the lesion site are identified through their interaction with 3’ and 5’
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(H1IN)-T5(N3H). The interaction between T5 imino 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)-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 to G8(N1H). Watson-Crick base pair alignment is implied by the cross peak
connectivities for the remaining canonical bases throughout the duplex and these cross peaks
are assigned in Figure 4 Additional interactions between imino protons of adjacent bases for
the (AP),—3 duplex are also assigned in Figure 4.

(AP)>+3 Duplex

At low temperature the one-dimensional spectrum of the (AP),+3 duplex exhibits eight
partially or fully resolved spectral lines between 12.0-14.0 ppm (Figure 5 top and Figure 6).
From the one-dimensional spectrum of the (AP),+3 duplex, one partially resolved and two
fully resolved spectral lines between 13.2—-14.0 ppm are assigned to four thymidine imino
proton signals while the five spectral lines between 12.0-13.2 ppm are assigned to three
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fully and two partially resolved signals of guanosine imino protons, thereby accounting for
Watson-Crick base pairs in the (AP),+3 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 the
(AP),—3 duplex where they are not resolved.

As before, the phase-sensitive NOESY spectrum (220ms mixing time) of exchangeable
protons in the (AP),+3 duplex aids in the assignment of imino and amino protons of
hydrogen bonded (hb) and exposed (ex) protons of the AsT and G+C 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
thymidine, 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),+3 duplex, base pairs flanking the lesion site are identified through their interaction
with 3" and 5’ neighboring bases in the symmetrical spectral region of the expanded
NOESY spectrum (Figure 4). For one of these flanking bases the imino protons of G5
produces a cross peak with the G25 imino proton near 12.6 ppm, cross peak F in Figure 5,
and is assigned to G5(H1N)-G5(N1H). The interaction between G5 imino and the C24
amino protons are fully resolved and assigned to signals F/F’ 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 A in Figure 5, which is assigned to TL0(N3H)-T18(N3H). For the T10-A19 base
pair the imino proton of T10 and the H2 proton of A19 produce a strong signal which is
assigned to cross peak D in Figure 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),—3 duplex, the central G+C base pair is
identifiable through weak cross peaks between the imino proton of G7 and the hydrogen
bonded and exposed amino protons of C22, peak E/E’ in Figure 5. Watson-Crick base pair
alignment is implied by the cross peak connectivity for the remaining canonical bases in the
(AP),+3 duplex and these cross peaks are assigned in Figure 5. Additional interactions
between imino protons of adjacent and opposite canonical bases for the (AP),+3 duplex are
also assigned in Figure 5.

Thermal Stability

Figure 6 shows one-dimensional spectra collected at temperatures ranging from 5°-35° C.
Both, the (AP),—3 duplex and the (AP),+3 duplex display similar melting behavior. The
terminal bases of the (AP),—3 duplex are not resolved even at low temperature, but the
terminal bases of the (AP),+3 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),+3
duplex disappear at 20° C due to their fast water exchange. The central guanosine and
cytidine residues between the lesion sites of both duplexes form Watson-Crick pairs as
shown in the analysis of two-dimensional NOESY spectra, but with no detectable signal for
the G8+C21 in the (AP),—3 duplex, and only weak signals from G7+C22 in the (AP),+3
duplex. In both duplexes, the central AT base pair do 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),—3 duplex and T10
in the (AP),+3 duplex, are shifted up field of the other thymidine signals. Similarly, the
flanking guanosine imino protons G10 in the (AP),—3 duplex, and G5 in the (AP),+3
duplex, move up field relative to the remaining guanosine imino protons signals. Both
duplexes show similar behavior during the transition from helix to random coil as the
temperature is increased from 5°-35°C with the imino proton signals of flanking AT and
GeC 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.
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Further temperature increase caused the remaining imino proton resonances to broaden and
disappear above 35° C due their rapid exchange with water.

Three-Dimensional Structure

The averaged minimized structures for the (AP),—3 duplex, and the (AP)»+3 duplex are
shown in Figure 7 with the minor groove 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 positioned in the
minor groove of the helix resulting in a shorter distance between them in the (AP),—3
duplex than in the (AP),+3 duplex. The width and depth of the major and minor grooves are
normal for both (AP), duplexes, including 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 stereo view of these models is shown in Figure 9. In
both cases, the helices are regular, right handed and slightly shortened due to 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),—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 S5. Similarly for the (AP),+3 duplex, both AP residues remain inside the helix leaving
the backbones undistorted as shown in Figures 7-9 and S5, Supporting Information.

Close up stereo views 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),—3 duplex. Base
inclination, X- and Y-displacement of the orphan purine bases A6 and A20 at the lesion site
are shown in Table 2. In the (AP),—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 S5, Supporting Information). Furthermore, the central GeC and AT
base pairs retain their proper Watson-Crick alignment. Similarly for the (AP),+3 duplex, the
inclination, 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 S5, Supporting
Information).

Sugar puckers for each duplex are also shown in Table 2. The (AP),—3 duplex shows
regular sugar pucker in the C2’-endo conformation at the lesion site and throughout the
helix, while the (AP),+3 duplex shows flexible sugar puckers with a variety of
conformations at the lesion site and more regular conformations in the remainder of the
duplex. In the (AP),-3 duplex both AP residues and both orphan bases show sugar puckers
in the C2’-endo conformation, with the exception of F9 adopting a C1’-exo conformation in
two of the selected refined structures. The central bases show normal sugar pucker in the
C2’-endo conformations. By contrast in the (AP),+3 duplex, both AP residues adopt a
normal C2’-endo conformation, with F6 adopting a C1’-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 C1’-exo conformation in one of the selected
structures. The central bases adopt a C2’-endo conformation.

DISCUSSION
NMR Spectra and Solution Structures of (AP), Duplexes

The directionality of the NOE cross peaks between base and sugar protons as well as cross
peaks present in the NOESY spectra in H,O indicating hydrogen bonded imino protons
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confirm that both helices are right handed and stabilized by regular Watson-Crick base pair
alignments (17-19). The connectivity in the finger print region of the NOESY spectra for
both duplexes shows a continuous walk along each strand with gaps (indicated by arrows A,
B, C and D in Figures 2A and 2B) at the location of the AP residues, establishing that the
helixes 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 in Supplementary material). The HoO NOESY spectra and
thermal stability measurements indicate that all hydrogen bonds in both duplexes remain
intact at low temperature and they melt with similar rates as the temperature increases.

Table 2 shows that, after molecular dynamics simulation, both helixes are compressed by
only about 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 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 restrained 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, 8 and 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),—3 duplex but are farther apart across the major
groove in the (AP),+3 duplex, a situation reminiscent of previously solved structures of
(AP),—1 and (AP),+1 duplexes (8).

Comparison of Structures and the Orientation Effect

Both AP residues on the (AP),—3 and (AP),+3 duplexes are inside the helix, a fact that
differentiate them from (AP),—1 and (AP),+1 duplexes in which the AP residues sometimes
form a bulge. However, the AP residues in the current study are dynamic in solution and
likely to swing in and out of the helix at room temperature. Thus, these solution structures
represent the average position of the AP residues which are intra helical in the (AP),—3 and
(AP),+3 duplexes but can be extra helical in the (AP),—1 duplex and aligned with the
backbone in (AP),+1 duplex (8). In studies of duplexes containing an extra adenosine, both
the AP residue and the opposing adenosine were found to stack inside the helix with local
perturbation of the helix extending only to the immediate flanking bases (27-29). In studies
where an opposing pyrimidine residue was inserted into the duplex, the AP residue and its
counter base could be extra or intra helical depending on temperature (13,27,30-32). The
intra helical character of lesion site residues in the both the (AP),—3 and (AP),+3 duplexes
makes it unlikely that the differential recognition of these lesions would be based on the
intra helical position of the AP residues.

A second important feature of these structures is that the AP residues are closer in space
across the minor groove in the (AP),—3 duplex, while they are located farther apart in the
(AP),+3 duplex. This is similar to the structures of the (AP),—1 and (AP),+1 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 since it was found that both AP sites in the +1 and +3
orientations are cleaved by hApel (8), thus potentially producing lethal DSBs. The
structures of the (AP),+1 and (AP),+3 duplex are similar and thus consistent with the
observed cleavage of both AP residues. The cleavage inhibition observed —1 and —3 clusters
may relate to the fact that the sites AP are closer in space across the minor groove, hindering
key interaction with the enzyme.
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Three-dimensional structures of free hApel in solution or in a complex with AP-containing
DNA have been established. hApel 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). Upon DNA binding, the protein conformation changes very little
but the enzyme induces a kink on the helical axis of the duplex and make 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 5’ side of the abasic site. Since an identical set of enzyme-phosphate contacts are
possible for both the (AP),—3 and (AP),+3 duplexes, or the (AP),—1 and (AP),+1 duplexes
for this matter, the X-ray structure of the complex does no provide a definitive answer to the
question of why differential recognition occurs (35). It is possible that the structural
differences among clustered (AP), 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 non-scissile strand
of the duplex would increase backbone flexibility hindering hApel-phosphate contacts only
on the case of the (—1) and (—3) 3’-staggered clusters.

CONCLUSIONS

Through oxidative damage ionizing radiation produces clustered 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 are particularly prone to produce 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 solved the structures of (AP),—3 and (AP),+3 bistranded duplexes and
shown that they are structurally similar to the previously solved (AP),—1 and (AP),+1
duplexes in that the AP residues are located close in space across the minor groove in the
(AP),—3 and (AP),—1 duplexes but are farther apart in the (AP),+3 and (AP),+1 duplexes.
The structures of (AP), duplexes show the common factor of closeness in space of the AP
residues that are not cleaved by hApel enzyme. Factors such as the thermodynamic stability
of the damaged duplexes or the position the AP residues in an extra helical bulge do not
correlate with the differential recognition of these DNA lesions. The fact that hApel (or
bacterial exo-I11) readily processes (+1) and (+3) (AP), 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 3’ protruding
ends.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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o, H;
3-hydroxy-4hydroxymethyl-tetrahydrofuran (F)

Ag Ty Gy Fp Ty Ay My Gys Cyy

Gag Tay Cag g Aoy Fag Ags Coy Agp Tig Tig Tyy Tig By
3-Staggered (AP}, duplex ((AP).-2 duplex)

Ci Az Gy Cy G5 Fg G Ty By Typ Ay Ayp Gy Cyy

Gze Ter Cag Tay Tz Mgy Tz Agy Pop Ayg Tig Tin Cig By

o'-Staggered (AF), duplex ((AP)-.+3 duplex)

Figure 1.
Chemical structure of a stable AP site Tetrahydrofuran (THF) residue, and DNA sequences
of the (AP),—3 duplex and the (AP),+3 duplex. AP residues are denoted by the letter F.
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(AP},—3 duplex (AF),+3 duplex

Expanded contour plot of the phase sensitive NOESY spectrum (300ms mixing time) in
D,0 buffer containing 50mM NaCl, 10mM phosphate and 1ImM EDTA, pH 6.8 at 25° C.
Sequential connectivity in the base (7.0-8.4 ppm) and the H1’ sugar protons (5.2—6.4 ppm)
are plotted for the (AP),—3 duplex (Figure 2) and (AP),+3 duplex (Figure 2). There no
connectivity across the lesion site between residue G8 and G10, cross peaks A is missing,
and in the complimentary strand between A22 and A24, cross peak B is missing (Figure 2)
for the (AP),—3 duplex. This is consistent with the intra helical arrangement of both AP
residues in the (AP),—3 duplex. In the case of the (AP),+3 duplex, no connectivity exists
between residue G5 and G7, cross peaks C is missing, and in the complimentary strand
between residues A19 and A21, cross peak D is missing in Figure 2. This is consistent with
the both of the AP residues being inside the helix.
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(AP),—3 duplex (AF),+3 duplex
B i LB L] N |
, 0|z
1’5% [b 0 “| 0{3— - ; i; b
‘ ; " Ut : ‘
- tly : )
o ¢ P a 0
] u‘] ‘} ,l‘l ’l::
[ p Q'
L o !
' ! d -4 Jﬁ : o
: M “ L’“U
it iy
B3 B ra y g § 7.5 .3 PPM 486 83 81 7.9 7.7 ] 7.3 PPM 46
Figure 3.

Contour plot of expanded phase-sensitive NOESY spectra (260ms mixing time) recorded in
D,0 buffer containing 50mM NaCl, 10mM phosphate and 1mM EDTA at pH 6.8 at 25° C.
Cross peak connectivity between base protons (7.0-8.4 ppm) and sugar H2’/2” protons
(3.0-1.8 ppm) are plotted for the (AP),—3 duplex (Figure 3) and (AP),+3 duplex (Figure 3).
(Figure 3) Peaks A/A’-P/P’ in the (AP),—3 duplex are discussed in the text and are assigned
as follows: A/A’, A24(H8)-A24(H2”)/A24(H2’); B/B” A24(H8)-F23(H2”)/F23(H2’); C/C’,
A22(H8)-A22(H2’)/A22(H2"); DID’, G8(H8)-G8(H2’)/G8(H2"); E, G10(H6)-F9(H2"/H2’);
F/F’, G10(H8)-G10(H2")/G10(H2); G/G’, T5(H6)-T5(H2")/T5(H2’); H/H’, A6(H8)-
T5(H2”)/TS5(H2’); 1/1I°, A6(H8)-A6(H2”)/A6(H2’); J/J’, T7(H8)- A6(H2")/A6(H2"); K/IK’,
C19(H6)-C19(H2")/C19(H2’); L/L’, A20(H8)-C19(H2")C19(H2’); M/M’, A20(H8)-
A20(H2”)/A20(H2’); N/N’, C21(H6)-A20(H2")/A20(H2’); O, F9(H3’)-F9(H2’/2”) and P/
P’, F23(H3’)-F23(H2’)/F23(H2”). These peaks together confirm that both AP residues of the
(AP),—3 duplex are inside the helix at the lesion site. (Figure 3) Peaks A/A’-P in the
(AP),+3 duplex are discussed in the text and are assigned as follows: A/A’, A21(H8)-
A21(H2”)/A18(H2’); B/B’, A19(H8)-A19(H2")/A19(H2’); C, A21(H8)-F20(H2’/2"); DID’,
G7(H8)-G7(H2")/G7(H2’); E/E’, G5(H8)-G5(H2")/G5(H2’); F, G7(H8)-F6(H2’/2"); GIG’;
A23(H8)-A23(H2")/A23(H2’); H/H’, A23(H8)-C22(H2")/C22(H2’); I/I’, C22(H6)-
C22(H2”)/C22(H2’); J/J’, C24(H6)-A23(H2")/A23(H2’); KIK’, A9(H8)-A9(H2")/A9(H2’);
L/L’, A9(H8)-T8(H2")/T8(H2’); M/IM”’, T8(H6)-T8(H2")/T8(H2"); N/N’, TL0(H6)-
A9(H2”)/A9(H2’); O, F6(H3*)-F6(H2’/2”) and P, F20(H3")-F20(H2’/2”). The presence of
these cross peaks indicate that the AP residues in the (AP),+3 duplex are also inside the
helix at the lesion site.

Biochemistry. Author manuscript; available in PMC 2011 October 19.

PPM

29



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnuei\ Joyiny Vd-HIN

Hazel and Santos

(AF),—3 duplex

127, T17
| T18
| G13 @3 _
b 6N NEE g
(]
H.
_C
D
=
-]
14.0 13.6 13.2 12.8 12.4 PPM
. |
b o &
H'
Co i “~ ﬁ‘
o &
8 : :
. 2
& oE
A_ ;
>
" | o L+ )
14 3.6 3.2 12.8 12.4 PEM

Figure 4.

7 PPM

_

4}

B. |

PPM

“s

N
L]

LK

4.

Page 16

(AP),—3 duplex:- expanded phase sensitive NOESY (220ms mixing time) contour plot for
the (AP),—3 duplex in H,O buffer containing 50mM NaCl, 10mM phosphate and 1.0mM
EDTA at pH 6.8 at a temperature of 5° C. (Figure 4) 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 A—H/H’ in the (AP),—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/E’, G10(N1H)-C19(N4Hhb)/C19(N4Hex); F/F’, G25(N1H)-

C4(N4Hhb)/C4(N4Hex); G/G’, G3(N1H)-C26(N4Hhb)/C26(N4Hex); H/H’, G13(N1H)-
C16(N4Hhb)/C16(N4Hex. (Figure 4) Cross peak connectivity between imino protons in the
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symmetrical (12.0-14.0 ppm) spectral range are 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),—3 duplex. Cross peaks A-l in the (AP),—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, GI0(N1H).
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Figure 5.
(AP),+3 duplex:- expanded phase sensitive NOESY (220ms mixing time) contour plots for

the (AP),+3 duplex in H,O buffer containing 50mM NaCl, 10mM phosphate and 1.0mM
EDTA at pH 6.8 at a temperature of 5° C. (Figure 5) 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 A/A’—I/I’ 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/E’, G7(N1H)-C22(N4Hhb)/C22(N4Hex); F/F’, G5(N1H)-C24(N4Hhb)/
C24(N4Hex); G/G’, G3(N1H)-C26(N4Hhb)/C26(N4Hex); H/H’, G13(N1H)-C16(N4Hhb)/
C16(N4Hex); I/1’, G25(N1H)-C4(N4Hhb)/C4(N4Hex); (Figure 5) Cross peak connectivity
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between imino protons in the symmetrical (12.0-14.0 ppm) spectral range are 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),+3 duplex. Cross peaks A—H in the(AP),+3
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).
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Figure 6.

Temperature dependence of the expanded 1D NMR spectra of imino protons (12.0-14.0
ppm) of the (AP),—3 duplex (Left) and (AP),+3 duplex (Right), in 50mM NaCl, 10mM
phosphate and 1mM EDTA as the temperature is increased from 5° C to 35° C.
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Figure 7.
Ribbon representation (63, 64) of averaged minimized structures shown with the minor
groove prominent. AP residues are colored green and labeled following Figure 1 numbering.
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(AP), -3 Duplex

Figure 8.

Expanded cross eye stereo view (63, 64) of the (AP),—3 cluster seen with the minor groove
prominent and the (AP),+3 cluster seen with the major groove prominent, when the Watson-
Crick alignments at the lesion site restraints are enforced during MD. AP residues are
colored green. In the case of the (AP),—3 duplex, the AP residues are closer across the
minor groove while they are farther apart across the major groove in the (AP),+3 duplex.
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(AP),—3 duplex
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Figure 9.
Cross-eye stereo representation (63, 64) of five overlapped final structures shown with the

minor groove prominent in (AP),—3 duplex and the major groove prominent in (AP),+3
duplex. AP residues are colored red.
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Table 1
Molecular Refinement Statistics

Violations of Covalent Geometry (rmsd) | (AP),—3 duplex | (AP),+3 duplex
Bond Lengths (A) 0.007 0.006
Bond Angles (°) 4.04 3.81
Improper Angles (°) 0.30 0.15
Van der Waals (kcal/mol) —420 -416
Violations of Experimental Restraints (rmsd)
Distance Violations (A) (# of restraints) 0.012 (533) 0.007 (554)
Dihedral Angles (°) (# of restraints) 0.20 (228) 0.23 (228)

Comparison of refined structures based on the rmsd deviations from experimental restraints and idealized covalent geometry.
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Table 2

Structural Parameters of (AP), Duplexes?.

(AP),—3 duplex (AP),+3 duplex
Helix shortening (%) 2.0t03.6 2.4103.5
Bend angle (°) 15t0 34 26° to 33°

Bend direction

major groove

major groove

T7 or G7 X-disp(A); Y-disp (A); inclin (°) -1.4;0.2; 10.8 | —-3.1; —0.2;0.2°
A22 or C22 X-disp(A); Y-disp (A); inclin (°) -1.5:0.1; 7.2 -2.5; —0.1; 0.0°
G8 or T8 X-disp(A); Y-disp (A); inclin (°) -1.8:0.3; 2.9 -2.7; 0.1; —0.3°
C21or A21 X-disp(A); Y-disp (A); inclin (°) | —1.0; —0.1; 3.6 | —2.5: —0.2; 1.0°
Sugar Puckers

T7 or G7 C2’-endo C2’-endo
A22 or C22 C2’-endo C2’-endo
G8orT8 C2’-endo C2’-endo
C2lor A21 C2’-endo C2’-endo

F9 or F6 C1’-exoP C2’-enda®
F23 or F20 C2’-endo C2’-endo

Structural parameters computed using CURVES (53).

a . )
Average values measured from the converging refined structures.

b .
Two structures appeared in the C2’-endo range.

c .
One structure in the C1’-exo range.

In both duplexes, the AP residues are fully intra-helical exhibiting no rotation towards any of the duplex grooves.
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