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ABSTRACT: The experiments described here examined the
effects of reaction conditions, various additives, and local sequence
on the formation and stability interstrand cross-links (ICLs)
derived from the reaction of an apurinic/apyrimidinic (AP) site
with the exocyclic amino group of an adenine residue on the
opposing strand in duplex DNA. Cross-link formation was
observed in a range of different buffers, with faster formation
rates observed at pH 5. Inclusion of the base excision repair
enzyme alkyladenine DNA glycosylase (hAAG) which binds
tightly to AP-containing duplexes decreased, but did not completely prevent, formation of the dA-AP ICL. Formation of the dA-
AP ICL was not altered by the presence of the biological metal ion Mg2+ or the biological thiol, glutathione. Several organocatalysts
of imine formation did not enhance the rate of dA-AP ICL formation. Duplex length did not have a large effect on dA-AP yield, so
long as the melting temperature of the duplex was not significantly below the reaction temperature (the duplex must remain
hybridized for efficient ICL formation). Formation of the dA-AP ICL was examined in over 40 different sequences that varied the
neighboring and opposing bases at the cross-linking site. The results indicate that ICL formation can occur in a wide variety of
sequence contexts under physiological conditions. Formation of the dA-AP ICL was strongly inhibited by the aldehyde-trapping
agents methoxyamine and hydralazine, by NaBH3CN, by the intercalator ethidium bromide, and by the minor groove-binding agent
netropsin. ICL formation was inhibited to some extent in bicarbonate and Tris buffers. The dA-AP ICL showed substantial inherent
stability under a variety of conditions and was not a substrate for AP-processing enzymes APE1 or Endo IV. Finally, we characterized
cross-link formation in a small (11 bp) stem-loop (hairpin) structure and in DNA-RNA hybrid duplexes.

■ INTRODUCTION
Apurinic/apyrimidinic (AP) sites arise by spontaneous and
enzyme-catalyzed hydrolysis of the carbon−nitrogen bonds
connecting nucleobases to the deoxyribose backbone.1−5 and
are among the most common unavoidable lesions generated in
DNA.6,7 Importantly, AP sites in duplex DNA exist as a
mixture of the ring-closed hemiacetal and the ring-opened
aldehyde.8 Reaction of the AP aldehyde with the exocyclic
amino groups of nucleobases on the opposing strand can
generate interstrand cross-links (ICL).9−12 A group of AP-
derived ICLs involving both canonical and noncanonical
nucleobases have been characterized over the last 15
years.13−20

The formation of AP-derived ICLs proceeds via initial
generation of an imine (Schiff base) intermediate followed by
cyclization of the C4-hydroxyl group onto the C1-carbon of
the imine to yield a stable aminoglycoside cross-link (Figure
1A).21−23 In the case of nucleobases that position an NH2

group in the minor groove (guanine or 2-aminopurine), cross-
link formation is favored in sequence motifs where the
nucleobase is located one nucleotide to the 5′-side of the AP
site (e.g., 5′CX/5′NG, where X = AP site and N = any
nucleobase, Figure 1B).13,15,18 On the other hand, for
nucleobases that position an NH2 group in the major groove
(adenine, cytosine, N4-aminocytosine), ICL formation is
favored in sequence motifs where the cross-linked nucleobase
is offset one nucleotide to the 3′-side of the AP site on the
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opposing strand (e.g., 5′XT/5′AN, where X = AP site and N =
any nucleobase, Figure 1B).14,16,17

The sequence motifs for the formation of AP-derived ICLs
are a consequence of the right-handed helical twist of B-form
DNA.18,24 NMR structural analysis of a DNA duplex
containing the dA-AP ICL shows how the helical twist of
DNA positions the major groove NH2 group of the cross-
linking adenine residue proximal to C1 of the AP site, thereby
enabling ICL formation without energetically costly distortions
of the duplex structure (Figure 1C).21 As a result, the cross-
linked duplex retains a largely B-helical structure with only
modest unwinding near the ICL. The cross-linked adenine
residue is unpaired and the resulting orphan thymine residue
retains stacking interactions with its 3′-neighbor while gaining
stacking interactions on its 5′-face with the cross-linked
adenine (its former base-pairing partner). The 5′AAG
sequence (in which the underlined A is cross-linked) opposing
the AP site forms a well-stacked run of purines.21

Given the ubiquitous nature of AP sites in DNA and the fact
that ICLs block the read out of genetic information, AP-
derived ICLs might be important lesions. Among the canonical
nucleobases, adenine residues generate the highest equilibrium
ICL yields.13−18 Recent identification of a eukaryotic pathway
that the repairs dA-AP ICL adds further biological motivation
to fully characterize the properties of this lesion.25−28 In the
work described here, we examined formation and stability of
the dA-AP ICL in a wide variety of sequences and under a wide
variety of reaction conditions.

■ RESULTS AND DISCUSSION
Generation of AP-Containing DNA Duplexes and

Detection of dA-AP ICLs Using Gel Electrophoresis.
DNA duplexes containing an AP site at a defined location were
generated by treatment of the corresponding 2′-deoxyuridine-
containing duplex with uracil DNA glycosylase (UDG).15,29−31

In most experiments, the dU-containing strand (and, thus, the
resulting AP-containing strand) was labeled on the 5′-end with
either a 32P phosphoryl group or a Cy5 fluorophore to enable
detection of the products generated under various conditions.
The labeled products were resolved by electrophoresis on a
denaturing 20% polyacrylamide gel and visualized by storage
phosphor autoradiography or fluorescence imaging.32

Generation of the AP site was confirmed by treatment of the
oligodeoxynucleotide with NaOH or piperidine to generate
fast-migrating labeled cleavage products with 3′-phosphoryl
(3′P), 3′-unsaturated phosphoaldehyde (3′-PUA), or 3′-
deoxyribose (3′dR) termini.33−35 Duplexes containing an
AP-derived ICL migrate slowly in denaturing gels, appearing
near the top of the images shown here.13−18 In some reactions,
a minor band corresponding to a second type of cross-linked
DNA duplex can be seen migrating slightly faster than the full-
size dA-AP cross-link. Our previous work indicates that this
band corresponds to an ICL derived from strand cleavage at
the AP site.19,20,36 Many of the studies reported here were
carried out using one of three “core cross-linking sequences”
1−3, in which the formation of the dA-AP ICL has been
characterized previously (Figure 2).14,22,36,37 Sequence 1
contains both dA-AP and dG-AP cross-linking motifs, but

Figure 1. dA-AP ICL. (A) Formation mechanism for the dA-AP ICL. (B) Sequence motifs for the dG-AP and dA-AP ICLs. (C) Structure of the
dA-AP ICL in duplex DNA. Image prepared from pdb code 6xah using Pymol.

Figure 2. DNA sequences used in this study.
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previous studies have shown the only detectable cross-link
formed in this sequence is the dA-AP ICL.14,21

Effects of Buffers and pH on Formation of the dA-AP
ICL. In most previous studies, formation of the dA-AP ICL was
carried out in HEPES buffer (50 mM, pH 7.4) containing 100
mM NaCl.14,22,36−38 Here we examined time-courses for cross-
link formation in several different buffers and at pH values
between 5 and 8.
We measured formation of the dA-AP ICL in the AP-

containing duplex 1a at pH values of 5, 6, 7, and 8 in a
universal phosphate−citrate buffer system (McIlvane’s buffer,
Figure 3).39 The rate of ICL formation was somewhat faster at
pH 5, reaching its half-maximal yield within approximately 12
h and maximal yields around 50 h. At pH 7, the cross-linking
reaction reached its half-maximal yield at about 24 h and
maximum yield at about 75 h. The formation rate was
significantly lower at pH 8, and the reaction does not appear to
have reached a final equilibrium yield even after 150 h (Figure
3C and Table 1).
We also examined formation of the dA-AP ICL in three

different AP-containing duplexes 1a, 2, and 3 in phosphate-
buffered saline (50 mM sodium phosphate, 100 mM NaCl) at
pH 6, 7, and 8 (Figure S1). The yields of ICL formation
followed the trend 3 > 1a > 2, consistent with our published
results for these sequences.14,22,36,37 The pH effects on the rate
of ICL formation in duplex 1a mirrored the results described
above for ICL formation in phosphate−citrate buffer, showing
faster cross-link formation at pH 6 and 7 and slower cross-link
formation at pH 8. In duplexes 2 and 3, we observed more
striking pH effects, with the rate of ICL formation displaying
the trend pH 6 > pH 7 > pH 8. These results are generally
consistent with chemical precedents showing that the rates of
imine formation are greater pH values near 5.40

Bicarbonate/CO2 is an important component of the
intracellular pH buffering system.41 The intracellular concen-
tration of bicarbonate is in the range of 20 mM.41,42 Therefore,
we examined whether bicarbonate buffer alters formation of
the dA-AP ICL. We found that the dA-AP ICL forms when

duplex 1a is incubated in bicarbonate buffer (50 mM)
containing NaCl (100 mM) at pH values of 6, 7, and 8,
although, interestingly, the yields were approximately 2-fold
lower than those observed in the other buffers examined here
(Figures 4 and S2). The mechanistic basis for the bicarbonate
effect on the yield of dA-AP ICL remains unclear. It is possible
that the exocyclic amino group of adenine reacts reversibly

Figure 3. Gel electrophoretic analysis of dA-AP ICL formation. (A) Schematic diagram depicting the formation of AP-derived ICLs. In addition to
cross-linking of the intact AP site (upper right), the diagram depicts formation of a cross-linked species (lower right) derived from spontaneous
cleavage of the AP site.(B) Representative example of gel electrophoretic analysis of ICL formation in duplex 1a incubated in McIlvane’s
phosphate−citrate buffer at pH 7. The AP-containing strand was labeled on the 5′-end with a fluorescent Cy5 dye. Lane 1: 35 nt size marker. Lane
2: treatment of the AP-containing duplex with NaOH to generate 3′phosphate, 3′PUA, or 3′dR cleavage products.34 Lanes 3−10: incubation of
AP-containing duplex 1a in pH 7 phosphate−citrate buffer, incubated at 37 °C for varying times. Lane 11: comparison reaction showing formation
of cross-linked and cleavage products resulting from the incubation of duplex 1a in HEPES buffer (50 mM, pH 7.4 containing 100 mM NaCl) for
120 h. The resulting DNA products were resolved in a denaturing 20% polyacrylamide gel and visualized by fluorescence imaging. The gray
segments in the duplex cartoons shown on the right side of the gel image are not labeled and, therefore, cannot be seen in the gel image. (C) Plots
showing the time-courses for the formation of dA-AP ICL in duplex 1a incubated in phosphate−citrate buffer at pH values of 5, 6, 7, and 8.

Table 1. Effects of Buffers and Various Additives on the
Rate of ICL Formation in Duplex 1a at 37 °C

Buffer Half time to completion (h) 1

HEPES and NaCl; pH 7.4 24
Phosphate and NaCl; pH 6 12
Phosphate and NaCl; pH 7 24
Phosphate and NaCl; pH 8 >48
Phosphate and MgCl2; pH 6 8
Phosphate and MgCl2; pH 7 8
Phosphate and MgCl2; pH 8 >24

Buffer Half time to completion (h)

Citrate−phosphate and NaCl; pH 5 10
Citrate−phosphate and NaCl; pH 6 12
Citrate−phosphate and NaCl; pH 7 24
Citrate−phosphate and NaCl; pH 8 >48
Citrate−phosphate and MgCl2; pH 5 8
Bicarbonate and NaCl; pH 6 12
Bicarbonate and NaCl; pH 7 24
Tris and NaCl; pH 7 12
Sodium acetate and NaCl; pH 5 8
Sodium acetate and MgCl2; pH 5 8

Additive Half time to completion (h)

HEPES and NaCl; pH 7.4 (std buffer) 24
Std buffer + anthranilic acid 24
Std buffer + aniline 24
Std buffer + DMEDA 24
Std buffer + GSH 24
Std buffer + guanidine·HCl 36
Std buffer + L-arginine 48
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with CO2 to generate equilibrium amounts of a carbamic acid
derivative that is incapable of cross-linking (for analogous
reactions of NH2 groups with CO2 see refs 43 and 44).
We also observed a lower ICL yield in Tris buffer (pH 7.4)

compared to the other buffers examined here. In this case, the
decreased ICL yield was accompanied by an increase in strand
cleavage at the AP site in duplex 1a (Figure 4). The amine
group of Tris buffer can react with aldehyde functional
groups,45−47 and we suggest that conversion of the AP
aldehyde residue to a Tris-derived iminium ion induces
cleavage of the AP site at the expense of ICL formation
(Figures 4 and S3).34,48,49

Overall, we observed significant pH effects on the rate of
ICL formation, with lower pH values (pH 5−6) supporting
faster formation rates. We did not observe large pH effects on
the final, equilibrium yields of ICL formation. In many cases,
we did not observe significant effects exerted by buffer salts.
For example, the rates and yields of ICL formation measured
for duplex 1a in pH 5 sodium acetate buffer were similar to
those observed in pH 5 phosphate−citrate buffer (Figure 4,
Table 1) and the rates and yields of ICL formation in pH 7.4
HEPES buffer, pH 7 phosphate−citrate buffer, and pH 7
phosphate−NaCl were similar (Figure 4, Table 1). In contrast,
bicarbonate buffer and Tris buffers diminished the yields of
dA-AP ICL generated in the AP-containing duplex 1a.
Formation of the dA-AP ICL Occurs in the Presence

of the Biological Metal Ion Mg2+ and the Biological
Thiol Glutathione. The cellular environment contains
magnesium ions that can significantly alter the stability and
dynamics of duplex DNA.50 In addition, magnesium ions can
catalyze imine formation in organic solvents.51 Accordingly, we
examined whether magnesium ions affect formation of the dA-
AP ICL.
We found that inclusion of MgCl2 (2 mM) slightly increased

the rate of dA-AP ICL formation in duplex 1a in pH 6 or 7
sodium phosphate buffer (50 mM, Figures S1A and S4A).
Under these conditions, the half-maximal yield of ICL was
achieved within 8 h (Table 1 and Figure S4A). Similarly, ICL
formation was slightly faster in HEPES buffer (50 mM, pH
7.4) containing 2 mM MgCl2 compared to the same buffer
containing 100 mM NaCl (Figure 4 and S4B).
Cells contain millimolar concentrations of the thiol-

containing tripeptide glutathione (GSH).52,53 Thiol groups

can add reversibly to aldehydes,54 and in some cases, this can
alter the rate of imine formation.55 In addition, recent studies
provided evidence that glutathione can form a thioglycoside
adduct with an AP site in DNA, a process that potentially
could inhibit formation of AP-derived ICLs.56

We found that inclusion of glutathione (2−5 mM) did not
substantially alter the rate or yield of ICL formation when the
AP-containing duplex 1a was incubated in HEPES buffer (50
mM, pH 7.4, 100 mM NaCl) (Figure S4C). The results
indicate that the physiological metal ion, Mg2+, and the
biological thiol, glutathione, are compatible with formation of
the dA-AP ICL.
Organocatalysts of Imine Formation Do Not Increase

the Rate of dA-AP ICL Formation. Formation of AP-
derived ICLs likely proceeds via an imine intermediate (Figure
1A). Therefore, we examined whether inclusion of established
imine-formation catalysts aniline (1 mM),57,58 anthranilic acid
(100 mM),59 arginine (1 mM),60 and N,N′-dimethylethylene-
diamine (DMEDA, 20 mM)61 increased the rate of ICL
formation in the AP-containing duplex 1a. We found that none
of these agents served as effective catalysts for dA-AP cross-link
formation (Table 1). In the cases of aniline, guanidine, and
DMEDA, the additives decreased the ICL yield to less than
20% (approximately 3-fold decrease in yield). In the case of
aniline, the decreased the yield of may be due to competitive
formation of a stable arylaminoglycoside adduct.62 N,N′-
Dimethylethylenediamine decreased the ICL yield because the
AP site was converted to strand cleavage products at the
expense of dA-AP ICL formation (Figure S5). This was not
surprising in light of the existing literature describing amine-
catalyzed cleavage of AP sites in DNA.34,63 Arginine decreased
the rate of ICL formation. Anthranilic acid had no significant
effect on ICL formation.
Length of the AP-Containing Duplex Does Not

Dramatically Affect Yield of the dA-AP ICL unless the
Reaction Temperature Is Substantially above the
Melting Temperature of the Duplex. We examined
whether the length of the AP-containing duplex had any effect
on the yield of dA-AP ICL. A series of duplexes (1a−e) with
the same core cross-linking sequence found in 1a were
incubated in HEPES pH 7.4 buffer (50 mM) containing 100
mM NaCl at 37 °C. We observed the following trend for the
cross-link yield in AP-containing duplexes of varied length: 35

Figure 4. Buffer and pH effects on the formation of dA-AP ICL in duplex 1a. (A) ICL yield after 120 h at 37 °C in the specified buffer. Details of
buffer and salt concentrations for each condition are provided in the text. (B) Amount of strand cleavage that accompanies ICL formation after 120
h at 37 °C.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.2c05736
ACS Omega 2022, 7, 36888−36901

36891

https://pubs.acs.org/doi/suppl/10.1021/acsomega.2c05736/suppl_file/ao2c05736_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.2c05736/suppl_file/ao2c05736_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.2c05736/suppl_file/ao2c05736_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.2c05736/suppl_file/ao2c05736_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.2c05736/suppl_file/ao2c05736_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.2c05736/suppl_file/ao2c05736_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c05736?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c05736?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c05736?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c05736?fig=fig4&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.2c05736?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


nt >25 nt >20 nt >15 nt (Figure 5A). Importantly, the
differences in the ICL yields among duplexes 1a−e were
modest. On the other hand, we obtained a very low yield of
ICL in a reaction containing the complementary oligonucleo-
tides 1e, likely because the 10 nt AP-containing duplex derived
from these short DNA fragments does not remain hybridized
at the reaction temperature of 37 °C (the melting temperature
of this AP-containing duplex is estimated at 15 °C). Similarly,
we observed no slow-migrating, cross-linked DNA bands in the
gel when the largely noncomplementary oligodeoxynucleotides
4 and 5 were incubated in HEPES pH 7.4 buffer for 120 h at
37 °C (Figure S6).
We found that good ICL yields were obtained when the

cross-linking motif was located near the ends of duplexes 6 and
7 (Figure 2). In fact, the ICL yield was greater in duplex 6, in
which the cross-linking motif is located near the end,
compared to the same three-nucleotide cross-linking sequence
located in the middle of duplex 8 (yields are shown in Figure
2). The results suggest that increased duplex dynamics64 on
the 3′-side of the AP site facilitate the structural reorganiza-
tions associated with formation of the dA-AP ICL (we have
not examined duplexes in which the 5′-side of the AP site is
near the end of the duplex). These results are generally

consistent with our previous observation that dA-AP ICLs can
be formed near the junction of duplex−single-strand regions.27

Effect of Temperature on the Yield of dA-AP ICL. The
AP-containing duplexes 1a−d (35, 25, 20, and 15 nt in length)
were incubated for 120 h in HEPES buffer (50 mM, pH 7.4,
containing 100 mM NaCl) at either 37 or 22 °C (Figure 5B).
ICL yields were higher at 37 °C than at 22 °C (the 10 nt
duplex 1e gave low ICL yields at both 37 and 22 °C). To
further investigate the effects of temperature on formation of
the dA-AP ICL, we measured the time courses for ICL
formation in the 35 nt AP-containing duplex 1a at 4, 10, 22,
and 37 °C (Figure 5C). The ICL yields at 4 and 10 °C were
low. On the other hand, the reactions carried out at 22 and 37
°C both gave substantial yields of ICL and appear to have
reached equilibrium by 145 h. The ICL yield at 37 °C was
approximately 3 times greater than the yield at obtained at 22
°C. The temperature dependence suggests a positive entropy
of reaction for formation of the dA-AP ICL in duplex 1a.
Formation of the dA-AP ICL Is Inhibited by the

Aldehyde-Trapping Reagents Methoxyamine and Hy-
dralazine, by the DNA Intercalator Ethidium Bromide,
and by the Minor Groove Binding Agent Netropsin. We
surveyed some potential inhibitors of dA-AP ICL formation.
We first validated our previous observation14 that inclusion of

Figure 5. Effects of duplex length and reaction temperature on formation of the dA-AP ICL. Reactions were carried out in HEPES buffer (50 mM,
pH 7.4 containing 100 mM NaCl). (A) Duplex length does not have a large effect on ICL yield, so long as the Tm of the duplex is not significantly
below reaction temperature (37 °C, in this case). The calculated melting temperatures of the duplexes are 1a 56 °C, 1b 48 °C, 1c 42 °C, 1d 35 °C,
and 1e 15 °C. (B) Compared to 22 °C. C. Formation of the dA-AP ICL in duplex 1a at 4, 10, 22, and 37 °C. The final, equilibrium yield of ICL
was greater at 37 °C than 22 °C.

Figure 6. Covalent capture of the AP site inhibits formation of the dA-AP ICL. (A) Reactions of methoxyamine and hydralazine with an AP site in
duplex DNA. (B) Proposed reaction of ethidium bromide with an AP site in DNA. (C) Ethidium bromide inhibits formation of the dA-AP ICL in
duplex 1a, with accompanying formation of a covalent adduct with the AP site. The cross-linking reaction was carried out in HEPES buffer (50
mM, pH 7.4 containing 100 mM NaCl). In the reactions analyzed in lanes 3−8, the AP-containing duplex was incubated for 120 h with 0, 0.1, 0.5,
1, 2, or 5 μM ethidium bromide, respectively.
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the aldehyde-trapping reagent methoxyamine (2 mM)
completely prevented formation of the ICL in duplex 1a by
competitive conversion of the AP aldehyde residue to the
corresponding oxime derivative (Figures 6A and S7).65,66

Similarly, we showed that the antihypertensive agent
hydralazine (100 μM) blocked ICL formation in duplex 1a
(Figure S7). Inhibition of ICL formation by hydralazine
involves efficient conversion of AP sites in duplex DNA to the
hydrazone adduct (Figure 6A).67 The semicarbazide-contain-
ing drug isoniazid (40 μM) did not inhibit formation rate or
yield of dA-AP ICL formation in duplex 1a (data not shown).
We next set out to examine whether perturbation of the

structure and dynamics of duplex DNA induced by the
noncovalent binding of an intercalator68−70 or minor groove
binding agent71,72 would affect formation of the dA-AP ICL.
We found that the classical intercalator ethidium bromide
(EtBr),68−70 at concentrations ≥0.5 μM, interferes with
formation of the dA-AP ICL in duplex 1a (Figure 6C).
Unexpectedly, the lower yields of ICL were accompanied by
the appearance of gel-shifted products migrating slightly slower
than the AP-containing oligonucleotide, consistent with
formation of an ethidium-AP aminoglycoside conjugate
(Figure 6B). A nucleoside analog of the ethidium-AP adduct
has been described previously,73 but formation of such an
adduct in duplex DNA is unprecedented. The formation of an
ethidium-AP adduct proposed here is analogous to the reaction
between 9-aminoellipticine and an AP site in duplex DNA
reported previously.74,75 Studies are underway to further
characterize the formation and properties of this putative
ethidium-AP adduct. Our results suggest that EtBr inhibits
formation of the dA-AP ICL via covalent capture of the AP
site. Thus, the question of whether the duplex distortion
induced by the binding of an intercalator to duplex DNA68 can
inhibit formation of the dA-AP ICL remains unanswered for
now.
Noncovalent association of the minor groove binding agent

netropsin (Figure 7A) alters the structure of the double-helical
DNA.71,72,76 We designed two duplexes (10 and 11, Figure
7B) with A-rich, netropsin binding sites adjacent to, or
overlapping, a dA-AP cross-linking sequence. We found that

netropsin inhibits formation of the dA-AP ICL in these
sequences. In contrast, netropsin did not inhibit ICL formation
in duplex 9 that lacks an A-rich binding site for the ligand
(Figure 7C).
The Base Excision Repair Glycosylase hAAG De-

creases, but Does Not Completely Prevent, Formation
of the dA-AP ICL. A previous report indicated that binding of
the human monofunctional base excision repair glycosylase
AAG (hAAG) to an AP-containing duplex prevented
formation of an AP-derived ICL.77 hAAG binds tightly to
AP-containing duplexes but does not induce strand cleavage at
the AP site.78 The earlier studies examined the effects of hAAG
on formation of an ICL derived from the reaction of 2-
aminopurine18,79 with an AP site.77 Here we examined whether
human hAAG inhibits formation of the dA-AP ICL in duplex
1a. Consistent with the results of Admiraal and O’Brien,77 we
found that the presence of hAAG (1 equiv, 4 μM) inhibited
formation of the dA-AP ICL in duplex 1a. We observed a 1.8-
fold decrease in ICL yield in the presence of hAAG (Figure
S8); however, it is important to note that a significant amount
of the dA-AP ICL (>20% yield) was still generated under these
conditions. Incidentally, hAAG also inhibited spontaneous
cleavage of the AP in the duplex 1a (Figure S8).
The Presence of NaBH3CN Decreases the Yield of the

dA-AP ICL. In our previous work, we characterized interstrand
cross-links derived from the reaction of an AP site with a
guanine residue on the opposing strand (Figure 1B).13,15,82 In
these reactions, inclusion of the water-compatible hydride
reducing agent NaBH3CN (250 mM) leads to dramatically
increased cross-link yields of a chemically stable alkylamine
cross-link via a reductive amination reaction15,82−84 An
analogous reductive amination process that generates an
alkylamine cross-link via reaction of an AP site with the
noncanonical nucleobase 2-aminopurine also has been
characterized.18,79,85 On the other hand, it has not previously
been determined whether the dA-AP ICL can similarly serve as
a substrate for a reductive amination reaction.
Here, we found that incubation of the AP-containing duplex

2 in pH 5.2 sodium acetate buffer containing NaBH3CN (250
mM) decreases the ICL yield by a factor of 6 compared to the

Figure 7. Noncovalent binding of netropsin to duplexes 10 and 11 inhibits formation of the dA-AP ICL. (A) Structure of the minor groove binding
agent netropsin. (B) Sequences used in the netropsin experiments. The red letters indicate the cross-linking site in 9 and the expected cross-linking
sites in 10 and 11. The red lines indicate A/T-rich netropsin binding sites. The dissociation constants for netropsin complexed with A/T-rich
sequences of duplex DNA are in the range of 8−100 nM.80,81 (C) Gel electrophoretic analysis showing that netropsin binding inhibits dA-AP ICL
formation. The reactions were incubated for 120 h at 37 °C in HEPES buffer (50 mM, pH 7 containing 100 mM NaCl). The ICL yields have a
standard deviation of less than ±10%. Cleavage of the AP-containing duplex to verify successful generation of the AP site (lanes 2, 7, 12) was
carried out by treatment with warm piperidine (1 M, 60 °C, 30 min).
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reaction in the absence of reducing agent (3 ± 1% versus 18 ±
3%, Figure S9). We are further investigating reductive
amination in the context of the dA-AP ICL, but for the time
being, we can only conclude that the behavior of dA-AP and
dG-AP cross-links is quite different with respect to this
reaction process.
Stability of the dA-AP ICL in Duplex DNA at Different

pH Values and in the Presence of Polyamines. We
isolated DNA duplexes 1a and 3 containing the dA-AP ICL
and studied the stability of the ICL under various conditions.
The cross-linked duplexes were redissolved in sodium
phosphate buffer at pH 6, 7, or 8 and the stability of the
cross-link monitored by gel electrophoretic analysis. The cross-
link in duplex 1a was stable at pH 8 (Figure 8A). At pH values
of 6 and 7, the ICL in 1a dissociated slowly, with half-times in
the range of 150 h (Figure 8A). In duplex 3, dissociation of the
ICL was largely independent of pH in the range 6−8,
occurring with half-times of approximately 24 h (Figure 8B).
In the presence of the polyamines, N,N′-dimethylethylenedi-
amine (2 mM) or spermine (5 mM), the rate at which the ICL
disappeared increased (Figure 8C), accompanied by gener-
ation of AP-derived cleavage products (Figure S10).
Irreversible cleavage of the AP-containing duplex draws
material away from the cross-link formation equilibria.
Duplexes Containing the dA-AP ICL Are Not

Substrates for the DNA Repair Enzymes APE1 or Endo
IV. AP sites in duplex DNA are cleaved by the repair enzymes
apurinic/apyrimidinic endonuclease (APE1) in mammalian
cells and by endonuclease IV (Endo IV) in bacterial cells.86−88

Here we examined whether DNA duplexes containing the dA-
AP ICL are substrates for APE1 or Endo IV. The cross-linked
DNA duplexes were isolated and treated with APE1 or Endo
IV. In the case of APE1, reactions were carried out in several
different buffers optimized for AP endonuclease activity,
exonuclease activity,89 or nucleotide incision repair activity.90

No cross-link unhooking or strand cleavage was observed for
any of the duplexes containing the dA-AP ICL (Figure S11).
Control reactions showed that the enzymes were active on
uncross-linked AP sites in duplex DNA, as expected (Figure
S11).
The dA-AP ICL Forms in Diverse Sequence Environ-

ments. Our previous work characterized formation of the dA-
AP ICL in eight different sequences.14,27,37,91 A recent study
measured cross-link formation in an additional 13 sequences.38

Here we used gel electrophoretic analysis to measure the yield
of slowly migrating ICL bands generated in more than 40
different sequence contexts containing the core dA-AP cross-

linking motif 5′-XN/5′AN (where N is any nucleobase and X
= AP site). We varied the identity of the nucleobases
neighboring and opposing the AP site (Figures 9 and S12).
We also examined the ability of noncanonical nucleobases 2-
aminopurine, 2,6-diaminopurine, N6-methyladenosine, and an
isoguanosine-isocytidine base pair to generate cross-links when
substituted for adenine in the cross-linking motif.
We found that mispairing the cross-linked adenine residue in

the dA-AP generates the highest ICL yields (FF−JJ, Figure 9).
This is consistent with our previously published results with an
A/A mispair.37 Presumably, mispairing of the adenine residue
involved in cross-link formation increases local duplex
dynamics92 and mitigates the energetic cost associated with
separation of the A-T base pair normally required for ICL
formation.21 The high ICL yields observed in duplexes with
mispaired adenine residues may be similar to the high cross-
link yield generated near the end of duplex 6 (Figure 2) where
dynamics are increased relative to the central regions of the
duplex.64 Placing the adenine residue into a bulge did not
provide a high ICL yield (QQ, Figure 9). Pairing the cross-
linked adenine residue against the universal base 5-nitro-
indole93 gave a cross-link yield superior to the same 5′-AAC
sequence with an A-T base pair at the cross-linking site (RR
versus U, Figure 9). Mispairs on the 5′-side of the AP site
disfavored ICL formation (DD, KK, LL, Figure 9).
Replacing the guanine residue with inosine in the core

sequence 1a did not significantly alter the ICL yield, suggesting
that stacking of a three-purine run, and not reactivity of the
exocyclic amino group in guanine, is responsible for the high
yield in the 5′-AAG sequence (SS versus K, Figure 9). ICL
yields were generally higher in sequences where a purine
residue was located directly opposing the AP site, but
significant ICL yields were nonetheless observed with
pyrimidine resides in this position (V−AA, Figure 9). ICLs
can form at AP sites located in the telomeric repeat sequence
5′GGGATT (BB, CC, Figure 9). Substitution of the cross-
linking adenine residue with 2-aminopurine gave a relatively
low ICL yield, while 2,6-diaminopurine gave approximately
20% ICL yield (A versus OO and TT, Figure 9). An
isoguanosine-isocytidine base pair94 at the cross-linking site
gave a rather low ICL yield (A versus PP, Figure 9).
Installation of an N6-methyladenosine residue in the cross-
linking position completely abrogated ICL formation (A versus
UU, Figure 9). This result may be mechanistically interesting,
perhaps suggesting that general acid−base-catalyzed elimina-
tion of water,95 involving base-catalyzed removal of a proton
from the N6-amino group of adenine, is required to generate

Figure 8. Stability of the dA-AP ICL in duplex DNA. (A) Stability of isolated dA-AP ICL in duplex 1a at three different pH values. (B) Stability of
isolated dA-AP ICL in duplex 3 at four different pH values. (C) Stability of the isolated dA-AP ICL in duplex 1a in the presence of spermine (5
mM) or DMEDA (2 mM).

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.2c05736
ACS Omega 2022, 7, 36888−36901

36894

https://pubs.acs.org/doi/suppl/10.1021/acsomega.2c05736/suppl_file/ao2c05736_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.2c05736/suppl_file/ao2c05736_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.2c05736/suppl_file/ao2c05736_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.2c05736/suppl_file/ao2c05736_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.2c05736/suppl_file/ao2c05736_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.2c05736/suppl_file/ao2c05736_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c05736?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c05736?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c05736?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c05736?fig=fig8&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.2c05736?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


the dA-AP imine intermediate in the cross-linking reaction
(the relevant proton is colored red in Figure 1A). The effect of
N6-methyladenine on ICL formation is interesting because this
is an abundant noncanonical nucleobase in microorganisms.96

Other than the observations provided above, the effects of
local sequence on the ICL yield generated in duplexes
containing the dA-AP sequence motif are cryptic. Nonetheless,
our findings, alongside earlier results14,27,37,38,91 clearly
demonstrate that the dA-AP ICL can form in a wide variety
of sequence contexts. Indeed, the majority of the sequences
examined here generated equilibrium ICL yields of 15% or

more, and relatively few sequences produced ICL yields below
5%.
Formation of the dA-AP ICL in a DNA Hairpin.

Hairpin-forming sequences can form short, stable duplexes
(stem-loop structures).97 Hairpin structures are important in
biological systems98,99 and in the design of functional nucleic
acids.100 Here we examined cross-link formation in a hairpin
composed of an 11 nucleotide duplex containing a dA-AP ICL
motif stabilized by a tetranucleotide loop (Figure 10A). We
observed time-dependent formation of a new band generated
upon incubation of the AP-containing hairpin 12 Figure 10B,
lane 6). The half-maximal yield of ICL in this hairpin sequence

Figure 9. Effects of sequence variation on the yield of dA-AP ICL. The five-nucleotide cross-linking sequences shown above were contained in 35
nt duplexes, with the same flanking sequences shown at the bottom of the graph in the context of duplex 1a. The designations “5′- and 3′-flanking”
refer to the location with respect to the AP site. The structures of the noncanonical nucleobases examined here are shown on the right. Cross-
linking reactions were carried out in HEPES buffer (50 mM, pH 7 or 7.4 containing 100 mM NaCl) for 120 h at 37 °C. The error bars reflect the
standard deviation calculated from at least three measurements.
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was reached by about 36 h and the final equilibrium yield (62
± 3%) by about 90 h (Figure 10C).
Evidence that the new band was an AP-derived ICL was

provided by an experiment showing that formation of this
product was prevented by inclusion of the AP-trapping reagent
methoxyamine (2 mM) in the reaction mixture (Figure 10B,
lane 5). Further evidence that the new product arises from
formation of a dA-AP ICL was provided by an experiment
showing that an analogous sequence lacking the critical
adenine residue in the cross-linking position failed to generate
the new band (Figure S13). Interestingly, unlike the slow
migration observed for DNA duplexes containing the dA-AP
ICL, the cross-linked hairpin migrated faster in the denaturing
polyacrylamide gel than the uncross-linked material, presum-
ably because the compact nature of this species facilitates
migration through the gel matrix.101 A major signal observed in
nanospray LC-ESI-TOF-MS analysis of the cross-linking
reaction corresponded to a deconvoluted mass of 7823.27
Da, consistent with the calculated mass of the hairpin
containing the dA-AP ICL (calcd 7823.31, Figure S14).
Formation of the dA-AP ICL in DNA-RNA Duplexes.

Semlow et al. previously generated the dA-AP ICL in a DNA-
RNA duplex, as part of a strategy to prepare a model substrate
for the enzyme NEIL3.26 In that earlier work, the AP site was
located in an all-DNA oligomer that was paired with an
opposing strand composed of all-RNA except for a three

nucleotide 5′-TAA sequence of 2′-deoxyribonucleotides at the
cross-linking site opposing the AP residue (the cross-linked
adenine in this sequence is underlined). Here we examined
ICL formation in a hybrid duplex with an all-RNA strand
opposing an all-DNA AP-containing strand (Figure 11A). We
further examined ICL formation in duplexes with varying
numbers of DNA nucleotides flanking the adenine residue at
the cross-linking site (duplexes 15−19, Figure 11A).
We found that an ICL can be generated in the AP-

containing DNA-RNA duplex 14, though the yield was
significantly lower than that produced by the analogous
DNA−DNA duplex 13 (Figure 11B,C). Increasing the number
of DNA nucleotides flanking the cross-linked adenine residue
increased the ICL yield. Cross-linked duplexes with larger
regions of DNA-RNA pairing migrated more slowly in the
denaturing gel, perhaps indicating that there is less residual
base pairing of the DNA-RNA regions in the denaturing gels.
This supposition is consistent with our published data showing
that “Y-shaped” cross-linked duplexes with unpaired, splayed
arms on one side of the dA-AP cross-link migrate more slowly
in a denaturing polyacrylamide gel than a fully base-paired
duplex containing the cross-link.27

It is not surprising that different ICL yields were obtained in
DNA-DNA and DNA-RNA duplexes. DNA-RNA duplexes are
structurally distinct from typical B-form DNA-DNA double
helices.102,103 In addition, the junctions between DNA and

Figure 10. Formation of the dA-AP ICL in a DNA hairpin. (A) Hairpin sequence used in the experiment, X = AP site. (B) Gel electrophoretic
analysis of hairpin formation. (C) Time course for the formation of dA-AP ICL in the hairpin sequence 12.

Figure 11. Formation of ICLs in DNA-RNA duplexes containing the dA-AP cross-linking motif. (A) Sequences used in the studies. (B) Gel
electrophoretic analysis showing ICL formation (top band) and cleavage (bottom bands) of the AP-containing duplexes. The reactions were
conducted in pH 7.4 HEPES buffer (50 mM containing 100 mM NaCl) at 37 °C for 120 h. Lane 1 shows the AP-containing strand from duplex 13
as a size marker. (C) Bar graph showing the yield of ICL from each duplex.
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RNA segments in a hybrid duplex also present structural
perturbations, with significant amounts of base pair buckle and
propellor twist.103 The ability of an all-DNA AP-containing
oligomer to cross-link with an all-RNA strand (duplex 14)
suggests that AP-containing probes might be exploited for
sequence-specific covalent capture of small cellular RNAs.37

Our results also offer the possibility that AP-derived ICLs can
form in the DNA-RNA hybrids generated during transcription
of cellular DNA.104,105

■ CONCLUSIONS
AP sites are abundant lesions in cellular and synthetic DNA.
ICLs derived from AP sites could be particularly important
lesions because they block the replication and read-out of
genetic information from double-stranded DNA.26,106 Identi-
fication of a specialized eukaryotic repair pathway that unhooks
the dA-AP ICL indicates potential biological relevance for this
lesion.26−28,107−109 The results presented here show that the
dA-AP ICL forms under a wide range of reaction conditions
and in a wide range of DNA sequences, thus providing further
evidence that this cross-link could be widespread in both
cellular and synthetic DNA.

■ EXPERIMENTAL SECTION
Materials. Oligonucleotides were purchased from Inte-

grated DNA Technologies (IDT, Coralville, IA), Eurofins
Genomics (Louisville, KY), and Sigma-Aldrich (St. Louis,
MO). Some oligonucleotides purchased from IDT contained a
1,1′-diethyl-2,2′-dicarbocyanine (Cy5) fluorophore on the 5′-
end and were HPLC purified before use. Uracil DNA
glycosylase (UDG), human apurinic/apyrimidinic endonu-
clease (APE1), and endonuclease IV (Endo IV) were
purchased from New England Biolabs (Ipswich, MA).
[γ-32P]-ATP (6000 Ci/mmol) was purchased from PerkinElm-
er, C-18 Sep-Pak cartridges were purchased from Waters
(Milford, MA), BS Poly prep columns were obtained from
BioRad (Hercules, CA), and acrylamide/bis-acrylamide 19:1
(40% solution, electrophoresis grade) was purchased from
Fisher Scientific (Waltham, MA). Glutathione, NaBH3CN, and
buffers were purchased from Sigma-Aldrich (St. Louis, MO,).
Quantification of radioactivity or fluorescence in polyacryla-
mide gels was carried out using a Personal Molecular Imager
(BioRad) with Quantity One software (v.4.6.5). The pH of
buffers was adjusted to the reported values at 24 °C. DMBAA
(dimethylbutylammonium acetate) solutions used in the ESI-
MS experiments was prepared as follows: a stock solution of
N,N-dimethylbutylamine (7.125 M) was diluted to 100 mM
with water and adjusted to pH 7.1 with glacial acetic acid.
Representative Cross-Linking Protocol. The single-

stranded 2′-deoxyuridine (dU)-containing oligonucleotides
were labeled on the 5′-end with either a 32P-phosphoryl
group or a 1,1′-diethyl-2,2′-dicarbocyanine (Cy5) fluoro-
phore.110,111 The single-stranded 2′-deoxyuridine (dU)-con-
taining oligonucleotides were purified on a 20% polyacryla-
mide preparative gel prior to 5′-32P-radiolabeling using
standard methods.110 The 5′-Cy5-labeled oligonucleotides
were HPLC purified before use. The 5′-labeled dU-containing
oligonucleotide were hybridized with the complementary
oligonucleotide and treated with the enzyme uracil DNA
glycosylase (UDG, final concentration of 200 units/mL) in
Tris−HCl buffer (20 mM, pH 8) containing dithiothreitol
(DTT, 1 mM) and EDTA (1 mM).15,29−31 In some cases (e.g.,

experiments with DNA-RNA duplexes), single-stranded dU-
containing oligodeoxynucleotide was treated with UDG to
generate the AP-containing oligodeoxynucleotide which was
hybridized with the appropriate complementary strand. After
incubation at 37 °C for 2 h, the enzyme was removed by
phenol−chloroform extraction and the DNA ethanol precipi-
tated.110 The resulting AP-containing oligonucleotide duplex
was redissolved in the desired buffer and incubated at the
appropriate temperature. In time-course experiments, aliquots
were removed at prescribed times and stored frozen until gel
electrophoretic analysis. For gel electrophoretic analysis, the
reaction mixtures were combined with formamide loading
buffer and loaded onto a 0.4 mm thick, 20% denaturing
polyacrylamide gel (containing 7 M urea).110 The gel images
were obtained, and the amount of DNA in each band was
quantitatively measured by fluorescence imaging or storage
phosphor autoradiography.32,111 For experiments characteriz-
ing properties of cross-linked DNA, the duplex containing the
dA-AP ICL was isolated from a preparative 2 mm thick
(preparative) 20% denaturing polyacrylamide gel. The slow-
migrating band corresponding to the cross-linked DNA was
excised from the gel with a razor blade. The gel slice was
crushed, and the DNA was eluted into a buffer composed of
EDTA (1 mM, pH 8) containing NaCl (200 mM) at room
temperature for 1 h. The solution was filtered through a Poly-
Prep column to remove the gel fragments, and the DNA
ethanol was precipitated and stored at −80 °C prior to use.
Mass Spectrometric Analysis of the Cross-Linked

Duplexes. LC−MS data were acquired on an Agilent
Technologies 6520A Accurate Mass QTOF. Samples were
analyzed according to the protocol of Studzin ́ska and
Buszewski,112 with slight modifications as outlined. The
sample was injected onto a C8 trap column (Michrom
Bioresources Captrap) at a flow rate of 5 μL/min of 10 mM
DMBAA, pH 7.1 over 4 min, and separated by isocratic elution
(either 80% or 42.5% methanol, 15 mM DMBAA, pH 7.1) at a
flow rate of 0.4 μL/min on a 10 cm × 75 μm C8 analytical
column (fused silica packed with Michrom Bioresources C8,
3.5 μm particles). Following the 4 min trap load, separation on
the trap/analytical columns continued for 16 min under
isocratic elution conditions. The total run time was 20 min.
Mass spectra were acquired using the following parameters:
negative-ion mode; VCap 2500 V; mass range 290−3200 m/z;
0.63 spectra/second; fragmentor at 300 V (250 V for IDT
oligo); internal MS recalibration was achieved using the K/Na
adducted Hexakis 1221 Chip Cube High Mass Reference
compound (m/z 1279.99). Samples were loaded in sequence
as follows: blank (10 mM DMBAA), sample, and blank.
Multiply charged DNA peaks were deconvoluted using the
maximum entropy algorithm in Qualitative Analysis software
(version B.07.00 Agilent Technologies) with the following
parameters: adduct = proton-loss; m/z range = 600−1500 m/
z; mass range = expected mass ±2 kDa; peak height to
calculate mass = 25%. The m/z values reported are neutral
deconvoluted masses. The cross-linking reactions were carried
out as described above. After 72 h of incubation, 20 vol of
ammonium acetate (2.5 M) was added. After 30 min at room
temperature, the mixture was desalted using a C18 Sep-Pak
column eluted with HPLC-grade methanol and ultrapure,
deionized water.
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