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Abstract

Abasic (AP) sites are one of the most common forms of DNA damage. The deoxyribose ring of 

AP sites undergoes anomerization between α and β configurations, via an electrophilic aldehyde 

intermediate. In sequences where an adenine residue is located on the opposing strand and offset 1 

nt to the 3′-side of the AP site, the nucleophilic N6-dA amino group can react with the AP 

aldehyde residue to form an interstrand crosslink (ICL). Here, we present an experimentally 

determined structure of the dA-AP ICL by NMR spectroscopy. The ICL was constructed in the 

oligodeoxynucleotide 5′-d(T1A2T3G4T5C6T7A8A9G10T11T12C13A14T15C16T17A18)-3′:5′-

d(T19A20G21A22T23G24A25A26C27X28T29A30G31A32C33A34T35A36)-3′, with the dA-AP ICL 

forming between A8 and X28. The NMR spectra indicated an ordered structure for the cross-linked 

DNA duplex and afforded detailed spectroscopic resonance assignments. Structural refinement, 

using molecular dynamics calculations restrained by NOE data (rMD), revealed the structure of 

the ICL. In the dA-AP ICL, the 2′-deoxyribosyl ring of the AP site was ring-closed and in the β 
configuration. Juxtapositioning the N6-dA amino group and the aldehydic C1 of the AP site within 

bonding distance while simultaneously maintaining two flanking unpaired A9 and T29 bases 

stacked within the DNA is accomplished by unwinding of the DNA at the ICL. The structural data 

is discussed in the context of recent studies describing the replication-dependent unhooking of the 

dA-AP ICL by the base excision repair glycosylase NEIL3.
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INTRODUCTION

Abasic sites (AP sites) in DNA result from spontaneous depurination of canonical and 

chemically-modified nucleobases.1–3 They are also formed by the removal of damaged bases 

by DNA glycosylases as a part of the base excision repair (BER) pathway.4 Spontaneous 

depurination has been estimated to generate 104 AP sites per cell per day, with recent studies 

measuring levels of AP sites in cellular DNA in the range of 1 x 10−7/nt.2, 5AP sites, which 

equilibrate between α and β anomers via the ring-opened aldehyde form of the 2′-

deoxyribosyl ring,6–9 are genotoxic, with different bases incorporated opposite the lesion 

depending on the polymerase and sequence context.10, 11 AP-containing duplexes retain a B-

DNA conformation.6, 7 The presence of an AP site places equilibrium amounts of a ring 

opened electrophilic aldehyde in the DNA double helix. The propensity for this aldehyde to 

be attacked by nucleophilic amine residues on the nucleobases of DNA, leading to the 

formation of interstrand cross-links (ICLs) (Scheme 1), is of interest.12–21

Both dG and dA generate equilibrium amounts of ICLs following reaction with an AP site 

on the opposing strand of a DNA duplex. Once formed, these ICLs are remarkably long-

lived, despite the fact that they form reversibly. The dG-AP ICL exhibited a half-life of 130 

h at pH 7 and 37 °C.16 The dA-AP ICL, which forms at higher levels,17 exhibited a half-life 

of 66 or 84 h, depending on the surrounding sequences.22 Thus, AP-derived ICLs may be 

persistent in cellular DNA. The question as to how these ICLs are repaired is under active 

investigation. In a Xenopus egg extract replication-dependent repair system, the DNA 

glycosylase NEIL3 unhooked the dA-AP ICL, while the Fanconi anemia pathway came into 

play only if the levels of NEIL3 were depleted.23 NEIL3 did not unhook the dA-AP ICL in a 

fully-paired duplex, but unhooked the ICL in splayed structures that model the strand-

separated DNA at the leading edge of a replication fork.23, 24 In Xenopus extracts, 

ubiquination of the replicative CMG helicase by the E3 ubiquitin ligase TRAIP, activated by 

collision of the replication fork with the dA-AP ICL, led to recruitment of NEIL3.25 Studies 

using the bacteriophage ϕ29 DNA polymerase demonstrated that if not repaired, these ICLs 

block replication.26 The reduced dG-AP ICL required multiple polymerases for bypass, and 

was mutagenic.27

From a structural perspective, at the nucleoside level NMR studies of dG-AP and dA-AP 

ICLs revealed ring-closed aminoglycoside structures with a mixture of α and β anomers at 

C1 of the 2′-deoxyribosyl ring of the AP residue.22, 28 Crystallographic analysis confirmed 
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the presence of the cyclic aminoglycoside linkage for the dG-AP ICL.29 Molecular 

dynamics calculations comparing the dG-AP and dA-AP ICL predicted that the two lesions 

differ both in hydrogen bonding and base stacking patterns.30 Given the potential biological 

importance of these lesions, we were keenly interested in determining structures of AP-

derived ICLs in DNA.

Here, we present the structure of a dA-AP ICL determined by NMR. This ICL was 

constructed in the oligodeoxynucleotide 5′-

d(T1A2T3G4T5C6T7A8A9G10T11T12C13A14T15C16T17A18)-3′:5′-

d(T19A20G21A22T23G24A25A26C27X28T29A30G31A32C33A34T35A36)-3′ (X = AP site), with 

the dA-AP ICL formed between nucleotides A8 and X28. This oligodeoxynucleotide 

contained the local 5′-A8A9G10-3′:5′-C27X28C29-3′ sequence at the site of the A8-X28 ICL 

(Chart 1). This sequence generated high yields of the ICL,17 and has been used in studies of 

replication-dependent repair.23 NMR spectra indicated an ordered duplex, and afforded 

detailed spectroscopic resonance assignments. The dA-AP ICL exists in the ring-closed 

aminoglycoside form, with the N6-amino group of dA attached to the 2-deoxyribosyl ring in 

the β configuration. A total of 426 NOE restraints were obtained which, in combination with 

additional restraints based on expected torsion and hydrogen bonding angles, were used to 

restrain molecular dynamics (rMD) calculations. The structures emerging from the rMD 

calculations reveal stacking of the unpaired flanking A9 and T29 bases within the DNA at the 

dA-AP ICL. Movement of the N6-dA amino group and C1 of the AP site within bonding 

distance while maintaining the flanking unpaired A9 and T29 bases stacked within the 

double helix is enabled by unwinding of the DNA near the ICL. The structural data is 

discussed in the context of recent studies describing an unprecedented pathway involving 

unhooking of this ICL by the base excision repair glycosylase NEIL3.23–25, 31, 32

EXPERIMENTAL SECTION

Materials.

Oligodeoxynucleotides were purchased from Midland Certified Reagents Co. (Midland, 

TX). They had been subjected to RP-HPLC purification by the supplier. Uracil DNA 

glycosylase (UDG) was purchased from New England Biolabs Inc. (Ipswich, MA).

Sample Preparation.

The dA-AP ICL formed spontaneously following incubation of the duplex [5′-

dTAGATGAAC(dU)TAGAACATA-3′]:[5′-TATGTCTAAGTTCATCTA-3′] in the presence 

of uracil DNA glycosylase (UDG)4 at 37 °C for 120 h in 100 mM NaCl, 50 mM HEPES (pH 

7.0) (Scheme 1). The solution containing the dA-AP ICL was lyophilized. The product was 

dissolved in 50 μL of HEPES buffer (50 mM, pH 7) containing NaCl (100 mM) and urea (8 

M) and separated from non-cross-linked DNA on a 20% denaturing TBE-polyacrylamide 

gel. The gel was imaged by UV shadowing. The slowly-migrating band containing the dA-

AP cross-linked duplex was excised, added to 10 mL of buffer (50 mM disodium phosphate, 

pH 8.0), and placed in a rotator shaker overnight at 4 °C. The extracted 

oligodeoxynucleotide duplex containing the dA-AP ICL was lyophilized, dissolved in 1 mL 
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of H2O, and desalted using Sephadex G-25 equilibrated with 1 mM disodium phosphate (pH 

8.0).

NMR Spectroscopy.

Samples were prepared in 10 mM NaH2PO4, 100 mM NaCl, and 50 μM Na2EDTA (pH 7). 

Spectra of non-exchangeable protons were obtained in 99.996% D2O, while spectra of 

exchangeable protons were obtained in 95:5 H2O:D2O. All spectra were processed using the 

TOPSPIN software (Bruker Biospin Inc., Billerica, MA) and further analyzed using 

TOPSPIN and SPARKY33 software. Spectra were referenced to the chemical shift of water 

at the corresponding temperature, which was referenced to trimethylsilyl propanoic acid 

(TSP).

NOESY34, 35 and magnitude COSY36 spectra were collected at 900 MHz. The temperature 

was 298 K. These were collected with 2048 real data points in the t2 dimension and 512 real 

data points in the t1 dimension. The data were zero-filled to obtain final matrices of 2048 x 

1024 data points. NOESY spectra in D2O were collected at NOE mixing times of 60, 150, 

200, and 250 ms. NOESY spectra in 95:5 H2O:D2O were collected at 278 K. The mixing 

time was 250 ms. Water suppression was accomplished by excitation sculpting.37–39 Spectra 

were collected with 2048 real data points in the t2 dimension and 512 real data points in the 

t1 dimension. The data were zero-filled to obtain final matrices of 2048 x 1024 data points. 

TOCSY40 spectra in 95:5 H2O:D2O were collected at 298 K. Water suppression was 

accomplished with excitation sculpting.37–39 The spin lock time was 120 ms. Spectra were 

collected with 2048 real data points in the t2 dimension and 512 real data points in the t1 

dimension. The data were zero-filled to obtain final matrices of 2048 x 1024 data points.

NMR Distance Restraints.

The program SPARKY33 was used to obtain volume integrations of NOESY cross-peaks 

from spectra obtained with a 250 ms mixing time at 298 K. The intrinsic error of the 

integrations was assigned to be half of the volume of the lowest intensity cross-peaks. The 

volume integration data were divided into five categories based on confidence levels arising 

from consideration of resonance shape, resonance intensity, degree of resonance overlap, 

and proximity to the water resonance. A 10% value in error was assigned to well-resolved 

and non-overlapping cross-peaks. A 20% value in error was assigned to strong but slightly 

broadened cross-peaks, overlapped cross-peaks, or peaks with moderate S/N. A 30% error 

value was assigned to strong, but medially broadened or overlapped cross-peaks. A 40% 

error value was assigned to cross-peaks with weak S/N, or that were slightly overlapped. A 

50% error value was assigned to cross-peaks that were highly broadened, near the diagonal 

or water-suppression, or possessed moderate S/N and medial overlap or broadening. 

Distance restraints were generated through integration values of NOEs with assigned errors.
41–43 Square potential energy wells corresponding to the upper and lower limits of the 

interproton distance vectors were employed through the use of MARDIGRAS.44 Additional 

distance restraints were created using canonical Watson-Crick hydrogen bonding distances 

for base pairs in B-DNA. Watson-Crick hydrogen bonding restraints were not employed for 

the A8:T29 base pair, or for the A9 base, which was opposite to X28, and which did not have 

a base pairing partner. The square potential energy well between T29 H1′ and A30 H8 was 
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set from a lower bound of 5 Å to an upper bound of 7 Å because a very weak NOE was 

observed. The square potential energy well between T7 H1′ and A8 H8 was set from a lower 

bound of 6 Å to an upper bound of 10 Å, using an “anti-distance” restraint45, 46 because no 

NOE was evident between these two protons.

Restrained Molecular Dynamics Calculations.

Canonical B-DNA values for deoxyribose pseudorotation and phosphodiester backbone 

were used as restraints in the rMD calculations.47 However, pseudorotation restraints were 

not used for A8, A9, X28, and T29 in the dA-AP ICL region. Pseudorotation restraints were 

also not used for the terminal and penultimate nucleotides T1, A2, T17, A18, T19, A20, T35, 

and A36. The complete list of pseudorotation restraints that were used is provided in Table 

S4 in the Supporting Information. Backbone torsion angle restraints for nucleotides were 

assigned potential energy well windows of ± 30°, with the exception of nucleotides A8, A9, 

X28, and T29 neighboring the dA-AP ICL, which were assigned potential energy well 

windows of ± 60°. The backbone torsion angle restraints were centered at the B-DNA 

backbone torsion α = −60°, β = 180°, γ = 60°, ε = 195°, and ζ = −105°. The partial charges 

and bond lengths for the dA-AP ICL were calculated using the B3LYP/6-31G* basis set in 

the program GAUSSIAN.48 These are provided in Table S5 and S6 in the Supporting 

Information. The dA-AP ICL was constructed using the program MOE.49 A covalent bond 

was introduced between the N6-amino group at A8 and X28 C1, in which the N-glycosyl 

linkage was assigned as the β configuration, based upon experimental observations from 

NOE intensity data. The bases A8 and T29 were unpaired and were inserted into the duplex, 

above and below the dA-AP ICL. The resulting structure was further refined using the 

program xLEaP50 to include values for partial charges and bond lengths of the dA-AP ICL 

moiety obtained from GAUSSIAN. The .top and .inp files were generated in xLEaP for use 

in the program AMBER.51

The rMD calculations were performed using a simulated annealing protocol in the program 

AMBER using the parm99 force field.52 All restraints had applied force constants of 30 kcal 

mol −1 Å−2. Initial calculations were performed for 20 ps over 20,000 steps. The system was 

heated from 0 to 600 K for the first 1,000 steps with a 0.5 ps coupling. The system was then 

kept at 600 K for 1,000 steps and cooled to 100 K for 16,000 steps with 4 ps coupling. The 

generalized Born model was used for solvation.53 The salt concentration was set at 0.1 M. 

NOE generated distances were compared to intensities calculated to intensities calculated 

from emergent structures using complete relaxation matrix analysis (CORMA).43 The ten 

structures with the lowest deviations from experimental distance restraints were used to 

generate an average refined structure. The structural renderings were created in CHIMERA.
54

Data Deposition.

The structure factors and coordinates have been deposited in the Protein Data Bank and 

Biological Magnetic Resonance Bank (www.rcsb.org). The PDB ID code is 6XAH. The 

BMRB ID code is 30759.
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RESULTS

NMR Assignments.

(a) Non-exchangeable DNA Protons.—The duplex oligodeoxynucleotide containing 

the dA-AP ICL contained six C:G base pairs (Chart 1). A COSY spectrum revealed six 

crosspeaks emanating from scalar couplings between cytosine H5 and cytosine H6 protons. 

Significantly, only one COSY crosspeak was observed for C27, which was the cytosine 

nearest to the ICL (Figure S1 in the Supporting Information). This COSY crosspeak was 

well resolved and of the same linewidth as the corresponding crosspeaks from the other five 

cytosines. This indicated that the dA-AP ICL exhibited a similar correlation time as the 

bases not in vicinity of the dA-AP ICL in the DNA, and the ICL formed an ordered structure 

in the duplex.

The assignments of the deoxyribose H1′ and nucleobase H6 or H8 resonances were 

accomplished by standard protocol.5556 A continuous set of sequential NOEs was evident 

from T1 H6 NOE to T7 H1′ (Figure 1). The NOE between T7 H1′ and A8 H8 was weaker 

than normal. The NOE between A8 H1′ and A9 H8 was observed. The sequential NOEs 

continued uninterrupted from A9 H8 to A18 H1′. For the complementary strand, a 

continuous set of sequential NOEs was evident from the T19 H6 to C27 H1′ (Figure 1). The 

connectivity was interrupted due to the absence of a base at X28. The X28 H1 resonance was 

assigned by its NOE to T29 H6. A NOE was evident between T29 H6 and T29 H1′. The NOE 

between T29 H1′ and A30 H8 was weak. The connectivity was continuous from NOE 

between A30 H8 to A36 H1′. Perturbations included changes in chemical shifts as well as 

peak intensities when compared to the unmodified duplex. The chemical shift assignments 

for the non-exchangeable DNA protons are provided Table S1 of the Supporting 

Information.

(b) Exchangeable DNA Protons.—The imino and amino proton resonance regions of 

the NOESY spectrum are shown in Figure 2. The imino proton resonances were identified 

using established methods.57 The imino protons for the terminal base pairs T1:A36 and 

A18:T19 were not assigned due to their rapid exchange with water. One imino proton 

resonance was shifted upfield from the thymine N3H and guanine N1H imino protons as 

shown in Figure 3. This resonance was assigned to the T29 N3H proton. The resonance was 

sharp at 274 K but broadened when the temperature increased and was not visible at 293 K 

(Figure S2 in the Supporting Information). The resonance was visible when temperature was 

lowered, indicating a reversible process. The NOEs between guanine N1H imino protons 

and cytosine N4H protons were evident for each of the C:G base pairs. The NOEs between 

the thymine N3H proton and adenine H2 were evident for each base pair except for the two 

terminal base pairs. In addition, T29 N3H did not possess a NOE to A8 H2. The chemical 

shift assignments for the exchangeable DNA protons are provided Table S2 of the 

Supporting Information.

(c) Identification of the dA-AP ICL.—The dA-AP ICL was established from TOCSY 

data. The X28 H1 proton (δ 5.68 ppm), which was unambiguously assigned from its 

sequential NOE connectivity to the T29 H6 proton (Figure 1), exhibited a through bond 
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correlation to the A8 N6H proton (δ 7.88 ppm) (Figure 4). Only one crosspeak was observed 

between X28 H1 and A8 N6H. This indicated that at the ICL site, the N-glycosyl linkage 

strongly favored a single configuration, as opposed to a diastereomeric mixture of α and β 
anomers. Lowering the signal did not reveal the presence of a minor anomer.

Ring-Closed Structure and Anomeric Configuration of the ICL.

The dA-AP ICL has the potential to exist as a ring-closed amine or a ring-opened imine 

structure. A correlation between the A8 N6H proton and X28 H1 in the TOCSY spectrum 

confirmed the ring-closed structure (Figure 4). A NOESY spectrum confirmed the anomeric 

configuration of the dA-AP ICL at X28. Figure 5 shows the NOEs between X28 H2′, H2, 

and H1 protons, as well as between H2′, H2, and H3 protons. These data were collected at a 

mixing time of 60 ms to minimize spin diffusion of the deoxyribose protons at X28. The 

stereotopic assignments of the deoxyribose X28 H2′ and H2 protons were accomplished by 

monitoring relative intensities of their respective NOEs to the deoxyribose H3 proton. The 

NOE between the deoxyribose H2 and H3 protons was anticipated to be stronger as 

compared to the NOE between the deoxyribose H2′ and H3 protons, regardless of the 

anomeric configuration. The X28 H2′ proton (δ 2.04 ppm) showed a stronger NOE to the H3 

proton (δ 4.67 ppm) than did the H2 proton (δ 2.25 ppm). The intensity of the NOE between 

H2 (δ 2.04 ppm) and H1 (δ 5.69 ppm) was weak (Figure 5). In contrast, the NOE between 

the H2′ (δ 2.25 ppm) and H1 (δ 5.69 ppm) protons was of significantly greater intensity. 

This established that the N-glycosyl linkage at the dA-AP ICL was in the β anomeric 

configuration.

NOEs Between DNA and ICL Protons.

The dA-AP ICL was further characterized by two NOEs involving the A8 H2 proton (Figure 

6). These NOEs were somewhat unusual since in B-DNA, the adenine H8 proton is located 

in the minor groove and shows relatively few NOEs. The X28 H1′ proton (δ 5.68 ppm) 

showed a NOE to the A8 H2 proton (δ 7.65 ppm) in the complementary strand. This was 

consistent with the notion that A8 was in spatial proximity to X28, and consistent with the 

formation of the dA-AP ICL. A NOE was also observed between the T29 H1′ proton in the 

complementary strand (δ 5.3 ppm) and the A8 H2 proton. This indicated that A8 remained in 

spatial proximity to the unpaired T29 nucleotide.

Chemical Shift Perturbations.

At the site of the dA-AP ICL the chemical shifts of the X28 H1 resonance (δ 5.68 ppm) and 

the A8 N6H resonance (δ 7.88 ppm) were consistent with the formation of an N-glycosyl 

linkage, as opposed to an imine linkage (Scheme 1). This was in the same chemical shift 

range as reported for the nucleoside level.22 This was consistent with the notion that the N-

glycosyl linkage should create a thermodynamically stable ICL. At the dA-AP ICL site, the 

A8 and A9 H8 resonances exhibited small upfield chemical shifts, and the A8 and A9 H1′ 
resonances shifted upfield. The A8 and A9 H8 resonances shifted approximately 0.2 ppm 

upfield, while the A8 and A9 H1′ resonances shifted upfield by 0.5-1.0 ppm from adenine 

H1′ resonances that were not in vicinity of the ICL. This was attributed to conformational 

perturbations at the ICL, which resulted in altered environments for these protons, compared 
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to B-form DNA. The upfield shift of the T29 N3H resonances suggested that this proton was 

not hydrogen bonded to a complementary base-pairing partner.

Structural Refinement.

A total of 422 NOE-derived distance restraints were obtained from non-exchangeable 

protons at 298 K (Table S3 of the Supporting Information). These included 175 internuclear 

restraints, 236 intranuclear restraints, and 11 restraints at the AP site. Of note, nucleotide A8 

participates in the formation of the dA-AP ICL, while nucleotide T29 is complementary to 

A8. A weak NOE was evident between these two protons. A long-range restraint maintained 

the distance between T29 H1′ and A30 H8 between 5 to 7 Å. This conserved the base 

stacking of T29, consistent with chemical shift data. An “anti-distance” restraint45, 46 of 6-10 

Å was employed between T7 H1′ and A8 H8. No NOE was observed, suggesting these 

protons must be consistently greater than 6 Å apart. The 2-deoxyribosyl ring of the AP site 

was assigned as the β anomer. Additional restraints included 160 backbone torsion angles, 

53 hydrogen bonds, and 115 deoxyribose pseudorestraints, for a total of 754 restraints (Table 

1). The latter were included as empirical restraints based on B-DNA.

A series of restrained molecular dynamics (rMD) calculations using a simulated annealing 

protocol yielded ten emergent structures, from which an average structure was calculated. 

An overlay of the ten emergent structures and the final average and minimized structure 

indicated excellent convergence (Figure 7). The ten emergent structures had a maximum rms 

pairwise difference of 0.864 Å. The average structure had a maximum rms pairwise 

difference of 0.579 Å, as compared to the ten individual structures.

The average structure was evaluated as to its accuracy by complete relaxation matrix 

analysis carried out using the program CORMA43 (Figure 8 and Table 2). Most individual 

intranucleotide and internucleotide sixth root residuals RX
1 were less than 0.1, with the 

overall RX
1 values being 8.01 x 10−2 and 9.61 x 10−2, respectively. The overall sixth root 

residual for the duplex containing the dA-AP ICL RX
1 was 8.78 x 10−2. The calculations 

suggested that the average refined structure was in accordance with the NOE data.

Structure of the dA-AP ICL.

Figures 9 and 10 show views of the dA-AP ICL based upon the lowest energy violation 

structure that emerged from the rMD calculations and in agreement with the average 

structure. The refined structure showed that with the 2-deoxyribosyl ring of X28 in the β 
anomeric configuration the ICL spanned the duplex. The unpaired bases A9 and T29 were 

stacked in the duplex, with A9 interacting with the 5′ face of G10 and 3′ face of A8 and T29 

interacting with the 5′ face of A30. The DNA was underwound at ICL site. Bases C27 

through T19 and their complements on the 5′ side and A30 through A36 and their 

complements on the 3′ side of X28 retained a structure similar to canonical B-DNA.

DISCUSSION

Unrepaired AP sites in genomic DNA are cytotoxic.10, 11 AP-derived ICLs may impede 

replication58 and contribute to cell death and senescence.59–63 The structure of the dA-AP 
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ICL determined here provides a foundation for understanding the formation, stability, and 

repair of this lesion in DNA.

The duplex containing the dA-AP ICL was prepared in good yield and was sufficiently 

stable to be isolated by gel electrophoresis and characterized by NMR. The observation of a 

NOE between X28 H1 and A8 H2 confirms that the ICL was generated by reaction of the A8 

exocyclic amine with the AP site. The chemical shift data show that the dA-AP ICL is an 

aminoglycoside attachment, with the 2-deoxyribose of the dA-AP in the ring closed form. 

The TOCSY correlation between X28 H1 and A8 N6H provides further evidence for the 

presence of the dA-AP ICL. Strong NOEs between the X28 H2’ and H1′ protons show that 

the non-native ICL glycosidic bond between C1 at X28 and A8 N6 is in the β-configuration.

This contrasts with studies of native AP sites in DNA that showed the α and β anomers 

existed in similar amounts.6, 7

The DNA containing the ICL is unwound relative to canonical B-DNA. NOEs between the 

unpaired A9 H1′ and A10 H8 along with the observation that the T29 N3H imino proton is in 

slow exchange with water confirm that unpaired bases T29 and A9 stack within the helix, 

with A9 stacked between the 3′ face of A8 and the 5′-face of G10 and T29 located on the 3′ 
side of X28 and stacked on the 5′-face of A30. The slow exchange of the T29 N3H imino 

proton with water at higher temperatures suggests that this intrahelical base stacking is 

stable. Placement of A8 N6 within bonding distance of the C1 atom in X28, while 

maintaining the stacking of unpaired bases T29 and A9 in the duplex, is enabled by local 

unwinding near the ICL.

In contrast to the unwound but otherwise modestly disrupted structure of the duplex 

containing the dA-AP ICL, some ICLs, such as those generated by cisplatin64, 65 and nitrous 

acid66, display more significant helical distortions, including extrusion of nucleobases from 

the duplex. ICLs derived from α,β-unsaturated aldehydes involve reversible reactions of 

these compounds with nucleobases also lead to differing conformational perturbations of the 

DNA helix.67–72 However, ICLs generated from psoralen do not generate large distortions of 

the DNA.73–76

The structure determined here may provide insight regarding the preferred sequences for 

formation of the dA-AP ICL. The 5′-AAG-3′:5′-CXT-3′ sequence generates approximately 

70% equilibrium yields of the dA-AP ICL at pH 7, 37 °C.17 In contrast, a duplex with the 

sequence 5′-AAC-3′:5′-GXT-3′ at the cross-linking site gives more modest equilibrium 

yields of about 15%.17 From a mechanistic perspective, favorable stacking of the three 

purine residues, A8, A9, and G10 in the 5′-AAG-3′:5′-CXT-3′ sequence (G10 underlined) 

(Figures 9 and 10) determined here may pre-organize the duplex for ICL formation, thus 

facilitating formation of the dA-AP ICL. The cytosine nucleotide (underlined) in the lower 

yielding 5′-AAC-3′:5′-GXT-3′ sequence may not provide the same favorable stacking 

interactions afforded by G10 in the structure presented here. Very high (85%) ICL yields 

were reported in a duplex containing the core sequence 5′-AGA-3′:5′-TXA-3′, with an A-

A mismatch on the 3′-side of the AP site.77 We speculate that this situation might yield an 

ICL containing an energetically favorable three-purine stack, similar to that seen in the 
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structure reported here. In the structure solved here, the 3′ neighbor of the unpaired T29 was 

an adenine. The yield decreased only moderately when the 3′ neighbor was changed to 

guanine.78 Changing the 3′ neighbor to a cytosine or thymine, on the other hand, 

significantly reduced the yield to 17%.78 The presence of a pyrimidine nucleotide at position 

30 might not yield a favorable stacking interaction for the unpaired thymine that results from 

the dA-AP ICL. It seems likely that for the dA-AP ICL the three-purine stack illustrated in 

Figures 9 and 10 is only possible with the β-configuration at X28 C1. The α-configuration in 

this ICL probably would disrupt the three-purine stack by drawing A8 away from the helical 

axis and into the major groove.

The structural effects of AP sites on duplex DNA have been studied by NMR spectroscopy 

using both the native AP site6, 7, 79–82 as well as a THF analog.83–87 The THF analog 

commonly used as a surrogate for the true AP site is refractory to chemical degradation and 

also is chemically incapable of ICL formation. One NMR study examined a true AP site in a 

5′-AA-3′:5′-XA-3′ sequence that is the preferred sequence motif for the dA-AP ICL.81 At 

the AP site two deoxyribose configurations were observed. The major species was assigned 

as the β anomer while the minor species was assigned as the α anomer. Substantial 

conformational differences were evident between the two species. From our vantage point 

this is striking because the two anomers may be anticipated to yield duplexes that are similar 

in conformation.88 The conformation of the β anomer resembled those observed in other 

NMR studies involving AP sites. The base pairs A5:T20 and A7:T18 were maintained with 

the unpaired adenine occupying the void due to the AP site. The conformation assigned as 

the α anomer at the AP site was different than other reported conformations of an AP site-

containing DNA duplex. In this conformation, A6 and T20 were unpaired with A5 tilted 

towards the AP site. The unpaired A6 and T20 in the α anomer conformation are reminiscent 

of the unpaired bases A9 and T29 in our structure. It seems possible that the conformation 

assigned as the α-anomer of the AP-containing duplex, in fact, may have actually contained 

an ICL between the X19 site and A5. Indeed, we find that a 15% equilibrium yield of ICL 

was generated in DNA containing an AP embedded in the sequence characterized in the 

earlier study.

In the present sequence the dA-AP ICL is maintained with localized unwinding and stacking 

of the unpaired bases into the DNA double helix (Figure 9). This may have implications for 

its repair. For example, the mismatch repair (MMR) machinery repaired ICLs generated by 

trimethylene linkers in 5′-d(CpG)-3′ and 5′-d(GpC)-3′, but not those generated by nitrogen 

mustards.89 The ICLs generated by nitrogen mustard were repaired only during replication. 

Structural analyses of the trimethylene linkers in 5′-d(CpG)-3′ and 5′- d(GpC)-3′ ICLs 

revealed significant helical distortion, with 5′-d(GpC)-3′ being more distorted than 5′-

d(CpG)-3′.90, 91 Molecular modeling of ICLs generated by nitrogen mustards revealed 

differing conformational consequences to the double helix.92, 93 It seems plausible that 

global genome (replication-independent) repair pathways initiated by the binding of NER 

factors to DNA lesions may be modulated by specific conformational consequences unique 

to these different ICLs. In this context, it will be of interest to examine the recognition and 

repair of the dA-AP ICL by global genome versus replication- and transcription-dependent 

pathways of NER.
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Along these lines, recent studies identified an unprecedented replication-dependent ICL 

repair pathway involving unhooking of the dA-AP lesion by the base excision repair 

glycosylase NEIL3.23 It is believed that NEIL3 employs its N-terminal amino group to 

catalyze hydrolytic attack on the C1 carbon of the AP residue in the dA-AP ICL.94 The 

reaction generates an “unhooked” (un-cross-linked) duplex containing the native A residue 

and the AP site. Importantly, NEIL3 fails to unhook the dA-AP ICL when it is located near 

the center of a fully paired duplex.23, 24 The structure of the ICL described here helps 

explain this result. NEIL3 prefers to bind single-stranded DNA substrates and the catalytic 

machinery of the enzyme cannot easily access the non-native glycosidic linkage of the dA-

AP ICL embedded within the DNA (Figure 9).94–97

On the other hand, the enzyme unhooks the dA-AP ICL when it is located at the single-

strand/duplex junction of a splayed duplex that models the DNA at stalled replication fork. 

Interestingly, in Xenopus egg extracts and biochemical experiments with purified enzyme, 

NEIL3 selectively unhooks the dA-AP ICL in which the AP site is located on the leading 

strand of a replication fork and does not unhook the ICL where the AP site resides on the 

lagging strand. Binding of the leading strand ICL by NEIL3 positions the C1 carbon of the 

AP residue in the dA-AP ICL for backside attack by the active site amine group (Figure 11). 

The analogous binding to a lagging strand dA-AP ICL may instead lead to a futile frontside 

attack by the NEIL3 active site amino group at the C1 atom, which would not displace the 

N6-A8 conjugate.

The transient aldehyde formed at AP sites may form conjugates with other cellular 

nucleophiles, which are anticipated to modulate the chemical biology of DNA processing. 

For example, the 5-hydroxymethylcytosine (5-hmC) binding, ESC-specific (HMCES) 

protein forms a complex with PCNA during replication to scan for AP sites. It conjugates 

AP sites in single-stranded DNA at replication forks.98 Crystallographic studies of a DNA-

protein conjugate involving the HMCES ortholog YedK in Escherichia coli revealed a stable 

thiazolidine linkage between the ring-opened AP site and the α-amino and sulfhydryl 

substituents of the amino-terminal cysteine residue.99 This DNA-protein conjugate prevents 

repair by endonucleases that would generate either mutations or double-strand breaks, and 

also prevents error-prone translesion DNA synthesis. In so doing, it both protects AP sites 

from nucleophilic attack, and directs cellular DNA damage responses towards pathways of 

resolution with less gentoxic outcomes.

CONCLUSIONS

The structure of the dA-AP ICL was determined in the 5′-AAG-3′:5′-CXC-3′ sequence. 

NMR indicated an ordered DNA ICL, and afforded detailed spectroscopic resonance 

assignments. The ICL exists in the ring-closed aminoglycoside form, with the β 
configuration at the non-native glycosidic linkage between A8 N6 and X28 C1. Structural 

refinement revealed the stacking of unpaired flanking unpaired A9 and T29 bases within the 

DNA at the dA-AP ICL. This stacking of the unpaired bases allows the dA-AP ICL to be 

accommodated by localized unwinding of the DNA at the ICL site. It will be interesting to 

examine the structures of the dA-AP ICLs in different sequence contexts as well as AP-

derived ICLs with other native and unnatural bases.
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Figure 1. 
Expanded plot of the NOESY spectrum of the dA-AP modified duplex, showing the 

sequential NOEs between aromatic H6/H8 protons and deoxyribosyl H1′ protons. (A) The 

strand containing the crosslinked adenine, showing bases T1 to A18. The NOE connectivity 

is broken at the T7 H1′ → T7 H6 cross-peak and reinitiates at the A8 H1′ →A8 H8 cross-

peak. (B) The strand containing AP site, showing bases T19 to A36. The NOE connectivity is 

broken at the C27 H1′→ C27 H6 cross-peak due the absence of an aromatic proton on the 

AP site. The spectrum was acquired at 900 MHz and 298 K.
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Figure 2. 
A. Expanded plot showing sequential NOE connectivities for imino to amino protons. The 

cross peaks are assigned as: a, T11 N3H → A26 H2; b, T7 N3H → A30 H2; c, T11 N3H → 
A25 H2; d, T5 N3H → A32 H2; e, T5 N3H → A32 H2; f, T17 N3H → A20 H2; g, T15 N3H 

→ A22 H2; h, T23 N3H → A14 H2; i, T35 N3H → A2 H2; j, T3 N3H → A34 H2; k, T23 

N3H → A20 H2; l, G31 N1H → C6 N4 Ha; m, G31 N1H → C6 N4 Hb; n, G21 N1H → C16 

N4 Ha; o, G31 N1H → A22 H2; p, G21 N1H → C16 N4 Hb; q, G4 N1H → C33 N4 Ha; r, G4 

N1H → C33 N4 Ha, s, G10 N1H → C27 N4 Ha; t, G24 N1H → C13 N4 Ha; u, G24 N1H → 
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A14 H2; v, G10 N1H → C27 N4 Hb; w, G24 N1H → C13 N4 Hb. B. Expanded plot showing 

sequential NOE connectivities for the imino protons. The data were collected at 900 MHz at 

250 ms mixing time, at 278 K.
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Figure 3. 
1H spectrum showing the thymine N3H and guanine N1H imino protons of the dA-AP 

interstrand crosslink. The 800 MHz spectrum was collected at 274 K in 95:5 H2O:D2O.
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Figure 4. 
Expanded plot of the TOCSY spectrum in H2O showing the correlation between the A8 N6H 

and X28 H1 protons. The zpectrum was acquired at 900 MHz at 298 K
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Figure 5. 
Comparison of the NOE intensities for the cross-peaks arising between the X28 H1 and H3 

deoxyribose protons to the X28 H2 and H2′ deoxyribose protons. The 900 MHz NMR 

spectra were collected at a mixing time of 60 ms at 298 K.
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Figure 6. 
Expanded plots of a NOESY spectrum of the duplex containing dA-AP ICL showing NOEs 

between the ICL protons and base and deoxyribose protons. The spectrum was acquired at 

900 MHz and 298 K with a 250 ms mixing time. The cross-peaks are assigned as follows: a, 

A8 H2 → X28 H1; b, A8 H2 → T29 H1′, c, T29 H1′ → T29 H6; and d, X28 H1′ → T29 H6.
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Figure 7. 
Overview of the 10 lowest energy violation structures resulting from rMD calculations of 

duplex containing an dA-AP ICL carried out using a simulated annealing protocol and using 

NOE generated distance restraints.
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Figure 8. 
Calculation of sixth root residual values (RX

1) between theoretical NOEs predicted by 

complete relaxation matrix calculations and experimental NOEs for the averaged refined 

structure of the dA-AP ICL emergent from the rMD calculations, using CORMA. (A) The 

intrastrand and interstrand nucleotide RX
1 values for nucleotides in the adenine-containing 

strand of the dA-AP ICL. (B) The intrastrand and interstrand nucleotide RX
1 values for 

nucleotides in the AP-containing strand of the dA-AP ICL. The intranucleotide residuals are 

shaded in black. The DNA internucleotide residuals are shaded in gray.
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Figure 9. 
Conformation of the dA-AP ICL as seen from the lowest violation structure emergent from 

the rMD calculations. (A) Base pairs T7:A30, G10:C27, the dA-AP ICL containing A8 and 

AP28, and unpaired bases A9 and T29 as seen from the major groove. (B) Base pairs T7:A30, 

G10:C27, the dA-AP ICL containing A8 and AP28, and unpaired bases A9 and T29 as seen 

from the minor groove. The base pairs T7:A30 and G10:C27 are colored purple, the unpaired 

bases A9 and T29 are colored green, and the dA-AP ICL containing A8 and AP28 is colored 

red.
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Figure 10. 
Base stacking interactions of the dA-AP ICL as seen in the lowest violation structure in the 

rMD calculations. (A) View showing the T7:A30 base pair in purple and the unpaired T29 in 

green. (B) View showing the unpaired T29 in green and the dA-AP ICL resulting from 

conjugation of A8 and X28 in red. (C) View showing the dA-AP ICL resulting from 

conjugation of A8 and X28 in red and the unpaired A9 in green. (D) View showing the 

unpaired A9 in green and the G10:C27 base pair in purple.
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Figure 11. 
The β anomer at the dA-AP ICL may facilitate a stereo-electronically favorable backside 

attack by the NEIL3 active site amine when the dA-AP ICL is situated in the leading strand 

at a splayed replication fork.
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Scheme 1. 
Formation of the AP-dA ICL, following incubation of a DNA duplex containing a site-

specific uracil nucleotide with the enzyme uracil deglycosylase.
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Chart 1. 
A. Structure of the dA-AP ICL. B. Oligodeoxynucleotide Sequence Used in This Work, 

Showing Numbering of Individual Nucleotides
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Table 1.

NMR Restraints Used for the dA-AP ICL Structural Refinement.

Internucleotide Restraints 152

Intranucleotide Restraints 243

dA-AP ICL Restraints 29

Antidistance Restraints 2

Total NOE Restraints 426

Backbone Torsion Angle Restraints 160

Hydrogen Bonding Restraints 53

Deoxyribose Pseudorotation Restraints 115

Total Number of Restraints 754

Number of Distance Restraint Violations 39

Number of Torsion Angle Restraint Violations 7

Total Distance Penalty/Maximum Penalty (kcal/mol) 17.623/0.443

Total Torsion Angle Penalty/Maximum Penalty (kcal/mol) 0.652/0.063

r.ms. Distances (Å)

r.m.s. Angles (deg) 2.305

Distance Restraint Force Field 30 kcal/mol/Å2

Torsion Angle Restraint Force Field 30 kcal/mol/deg2

Biochemistry. Author manuscript; available in PMC 2022 January 12.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Kellum et al. Page 34

Table 2.

RMS Differences and Sixth Root Residual (RX
1) Values for the Average Structure of the dA-AP ICL 

Emergent From rMD Calculations.

Greatest RMS pairwise difference between 10 structures 0.864 Å

Greatest RMS difference from average structure 0.579 Å

Sixth root residual RX
1 

a
 calculated for intranucleotide distances in the average structure, using CORMA

b 0.0801

Sixth root residual RX
1 calculated for internucleotide distances in the average structure, using CORMA

a,b 0.0961

Sixth root residual RX
1 calculated for all distances in the average structure, using CORMA

a,b 0.0878

average error
c 0.00326

a
RX1 is the sixth root R factor ∑[((Io)i1/6) − ( IC i

1
6)  / ∑((Io)i1/6) ].

b
Mixing time was 250 ms.

c
Average error: ∑ Ic − In /n, where Ic are NOE intensities calculated from the refined structure, and In are experimental NOE intensities.
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