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ABSTRACT

The loss of a coding nucleobase from the structure of DNA is a common event
that generates lesion known as an abasic (Ap) site. Ap sites exist as an equilibrating
mixture of a cyclic hemiacetal and a ring-opened aldehyde. Aldehydes are electrophilic
functional groups that can form covalent adducts with nucleophilic sites in DNA. Thus,
Ap sites present a potentially reactive aldehyde as part of the internal structure of DNA.
Here we report evidence that the aldehyde group of Ap sites in duplex DNA can form a
covalent adduct with the N®-amino group of adenine residues on the opposing strand.
The resulting interstrand DNA-DNA cross-link occurs at 5’-ApT/5’-AA sequences in
remarkably high yields (15-70%) under physiologically relevant conditions.

In order to rigorously characterize the structure of dA-Ap cross-links by
enzymatic digestion of cross-linked DNA a putative dinucleoside cross-link remnant was
synthesized by reaction of dA with 2-deoxyribose. Complete spectroscopic
characterization of this material established that the anomeric carbon of the 2-
deoxyribose adduct was connected to dA at the exocyclic N®-amino group and exists as a
mixture of cyclic alkoxyhemiaminals (o and 3 anomers of the furanose and pyranose
isomers). LC-MS/MS analysis provided evidence that the synthetic compound 6 has the
same chemical structure as the cross-link remnant released by enzymatic digestion of
cross-linked DNA. Further experiments showed that the cross-link remnant was quite
stable at neutral pH, decomposing to release unmodified dA with a half-life of 65 d at 37
°C. The inherent chemical stability of the dA-dR cross-link remnant is reflected in the
stability of the cross-link in duplex DNA. For example, there is no detectable

dissociation of the dA-Ap cross-link in duplex DNA over the course of 96 h at pH 7 and

xi
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22 °C. The stability of the dA-Ap cross-link offers the possibility that this may be a
persistent lesion with the potential to block the action of various DNA processing
enzymes. The results lay a foundation for the detection of the dA-Ap cross-link in
cellular DNA.

Additionally, this work demonstrates that cross-links arising from the reaction of
an Ap-site with an opposing nucleobase occur in a multitude of sequence context. Many
of these cross-links can form in very high yield. Cross-link yields are affected by the
local sequence composition, which most likely alters the structure of the Ap-containing
duplex and in turn the amount of additional distortion required to form an interstrand
cross-link. The importance of local structure and flexibility seems to be highlighted
further by mispairing the cross-linking base, which improves cross-link yields and
indicates a “loose” structure near the cross-linking site may promote cross-link formation.
Lastly, the addition of a minor groove binder, netropsin, prevents cross-link formation
only when a suitable binding site is near the cross-linking site, indicating that rigidifying
the structure near the cross-link removed the necessary flexibility for the exocyclic amino
group to reach across and react with an opposing Ap-site. Understanding the structure
and reactivity of Ap-derived cross-links may be very important as this naturally-
occurring DNA-templated reaction has the potential to generate cross-links in the genetic

material of living cells.

xii
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Residues and Abasic Sites in DuEIex DNA ChaEter 1

Chapter 1. Interstrand DNA-DNA Cross-link Formation
Between Adenine Residues and Abasic Sites in Duplex DNA

1.1 Introduction

Interstrand cross-links are among the most deleterious types of damage that can
be generated in cellular DNA.>* These lesions are complete blocks to DNA transcription
and replication because the covalent linkage prevents strand separation.** Concurrent
modification of both strands in the duplex also presents severe challenges to cellular
DNA repair systems.”” Accordingly, even small numbers of interstrand DNA-DNA

cross-links can have profound biological consequences.**%°

We recently reported a new structural type of interstrand cross-link derived from
the reaction of a DNA abasic (Ap) site with a guanine residue on the opposing strand of
the duplex (Scheme 1).**? This cross-link is intriguing because Ap sites (1, Scheme 2)
are perhaps the most common type of endogenous damage suffered by cellular DNA.**

Ap sites are generated by spontaneous depurination, nitrosative stress, and enzymatic
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base excision repair processes.**® As a result, DNA from normal mammalian tissue
carries steady-state levels of 50,000-200,000 Ap sites per cell.’®*® Ap sites are also
generated by exposure of DNA to a wide variety of mutagens, toxins, and anticancer

drugs.***®  Cross-links derived from this abundant lesion could have significance in

biology and medicine.
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In our previous work, dG-Ap cross-links were observed at 5’-CAp/5’-AG
sequences (duplex A, Figure 1) in equilibrium yields of 2-3%, under physiologically-

11,12

relevant conditions. The evidence supported a mechanism involving attack of the

1112 Two other

exocyclic N?-amino group of guanine on the Ap aldehyde (Scheme 1).
canonical nucleobases, adenine and cytosine, also contain exocyclic amino groups that
have been shown to react with aldehydes.** However, our previous studies provided no
indication regarding whether adenine or cytosine can participate in cross-link formation
with an Ap site in duplex DNA.**? In fact, no cross-linking was observed at the adenine
residue directly opposing the Ap site in duplex A (Figure 1).**** Cross-links involving
adenine residues have been observed in DNA duplexes containing oxidized abasic

sites;**%" however, it is important to recognize that the structures and reactivities of

oxidized abasic sites are distinct from that of the native Ap site considered here.

In order to grasp the full potential of Ap sites to generate cross-links in duplex
DNA, we felt it was necessary to examine whether canonical nucleobases other than
guanine can forge cross-links with Ap sites in DNA. Here we provide evidence for a
previously unknown type of interstrand DNA-DNA cross-link involving the reaction of
adenine residues with Ap sites in double-helical DNA. The dA-Ap cross-links described
here formed in remarkably high yields (15-70%) under physiologically-relevant
conditions and we present evidence consistent with a cross-linking mechanism involving
attack of the exocyclic N®-amino group of adenine on the aldehyde group of the Ap site.
The widespread occurrence of Ap sites in cellular DNA combined with the high yields of
cross-links observed here, raise the possibility that this naturally-occurring, DNA-

28-30

templated reaction”™" can generate cross-links in the genetic material of living cells.
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Figure 1

A 5'32p- ~ATAGATGAACAPAAGACATATA
3'-TATCTACTTG A TTCTGTATAT

B 5'32p- TTATACAATGAPTGTTCTAATT
3'-AATATGTTAC A ACAAGATTAA

C 5'32p- TTATACAATGARTGTTCTAATT
3'-CGATAAATATGTTAC A ACAAGATTAA

D 5'32p- TTATACAATGARTGTTCTAATTATACG
3'-AATATGTTAC A ACAAGATTAA

E 5'-ATACTGCATGAPTAGACATATGCATGCTATA
3'-TATGACGTAC A ATCTGTATACGTACGATAT-32P
9 8 76 5 4 3 21

F 5'32P-TTATACAATGAPCGTTCTAATT
3'-AATATGTTAC A GCAAGATTAA

G 5'32P-TTATACAATGAPAGTTCTAATT
3'-AATATGTTAC A TCAAGATTAA

H 5'32P-TTATACAATGAPTGTTCTAATT
3'-AATATGTTAC A PCAAGATTAA

| 5'32p- —ATAGATGAACAPTAGACATATA
3'-TATCTACTTG A ATCTGTATAT

dR dR dR
N N' H,N_ _N N’ HoN N NI
z 2Nz z
S Ty I
~ N N s N HN N
NH, A P = 2-Aminopurine ° G

Figure 1. DNA duplexes used in this study. Ap-containing duplexes were generated
from the corresponding dU-containing duplexes by treatment with uracil DNA
glycosylase (UDG). Locations where cross-links form in substantial yield are indicated
with a (\).
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Results and Discussion

1.2 Generation and Stability of Interstrand Cross-links in DNA Duplexes

Containing 5’-ApT/5’-AA Sequences

When considering nucleobase sequences in duplex DNA that might support
formation of dA-Ap cross-links, we first recognized that any nucleobase involved in Ap-
derived cross-link formation likely must be located near the Ap site. This is because
cross-linking by a distal nucleobase presumably would generate substantial and
energetically unfavorable structural distortion in the duplex.®* With this in mind, we
constructed models of Ap-containing DNA duplexes to determine sequence locations on
the opposing strand that would position the N°-amino group of adenine in close proximity
to the Ap site. In these models, we employed the simplifying assumption that Ap-
containing duplexes retain B-DNA-like character.*® This approach successfully predicted
cross-linking sequences in the case of dG-Ap cross-links.*** Measurements within these
models indicated that the exocyclic N®-amino groups of both adenine residues opposing
the Ap site in a 5’-ApT/5’-AA sequence were located near the Ap aldehyde residue
(Figure 2). As noted in the introduction, however, our previous studies showed that
adenine residues directly opposing an Ap site (e.g. duplex A) did not engage in cross-link
formation.’**2 Overall, this analysis led us to the prediction that an adenine residue offset
one base to the 3’-side of the Ap site might have potential to engage the Ap-aldehyde in

cross-link formation (Figure 2).
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Figure 2

Figure 2. Molecular model illustrating the proximity of the abasic site aldehyde and N°-
amino group of deoxyadenosine in a 5’-ApT sequence in B-DNA. The image was
constructed using Pymol and is based on pdb entry 3bse.

Ap sites were produced at defined locations in DNA duplexes by treatment of the
corresponding 5’-**P-labeled, 2’-deoxyuridine-containing duplexes with uracil DNA
glycosylase (UDG).*** Efficient formation of Ap sites in the DNA was confirmed by
piperidine treatment to generate the cleavage product 4 (Scheme 2; Figure 3, lanes 3, 7,

and 12).1418:3
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Figure 3
B C D
12345 6789 1011121314
88— - -~
8 — .

3

— A 8

Figure 3. Interstrand cross-link formation in duplexes A-C. Lanes, 1-5, Duplex B; lanes
6-9, duplex C; lanes 10-14, duplex D. Lanes 1 and 10 contain the *?P-labeled, uracil-
containing 2’-deoxyoligonucleotides. Lanes 2, 6, and 11 contain the **P-labeled UDG-
treated (abasic-site-containing) duplexes without incubation. Lanes 3, 7, and 12 contain
the *2P-labeled, UDG-treated (abasic-site-containing) duplexes subjected to piperidine
work-up (1 M, 95 °C, 25 min) to cleave the Ap site. Lanes 4, 8, and 13 contain the cross-
linking reactions involving incubation of the abasic-site-containing duplexes in HEPES
buffer (50 mM, pH 7) containing NaCl (100 mM) at 37 °C. Lanes 5, 9, and 14 contain
the methoxyamine capping reactions involving incubation of the abasic-site-containing
duplexes in HEPES buffer (50 mM, pH 7) containing NaCl (100 mM), and
CH3ONH2*HCl (2 mM) at 37 °C. The *P-labeled 2’-deoxyoligonucleotides were
resolved by electrophoresis on a 20% denaturing polyacrylamide gel and the radioactivity
in each band quantitatively measured by phosphorimager analysis.
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Incubation of duplex B containing a central 5’-GApT/5’-AAC sequence in
HEPES buffer (50 mM, pH 7, 100 mM NaCl) at 37 °C, followed by denaturing
polyacrylamide gel electrophoretic analysis, revealed a 15.1 + 0.5% yield of a slow-
migrating band in the region of the gel where the cross-linked duplex was expected to
appear (Figure 3, lane 4).***2 We also observed bands corresponding to the intact Ap-
containing oligonucleotide 1 and small amounts of a product inferred to be the
elimination product 3, based upon its gel mobility.***#3%3" Duplexes C and D, equipped
with 3’-overhanging ends, generated slow-migrating bands whose gel mobility was
retarded relative to the putative cross-link generated by duplex B (Figure 3, lanes 8 and
13). These results provided evidence that the slow-migrating bands were indeed cross-
linked duplexes containing both full-length strands of the parent duplex and ruled out
cross-link formation by the more strongly electrophilic 3’-4-hydroxy-2-pentenal-5-
phosphate end group 3. Inclusion of the aldehyde-trapping agent methoxyamine in the
reactions substantially inhibited formation of the slow-migrating bands (Figure 3, lanes 5,
9, and 14), consistent with involvement of the Ap-aldehyde residue in cross-link
formation (2, Schemes 2 and 3)."*2%% |t is noteworthy that cross-link formation in
duplexes B-D occurred in good yields (13-18%) at physiological pH and did not require
conditions of reductive amination (e.g. pH 4-5 and NaCNBH3) often used to stabilize the
imine products resulting from the reaction of aldehydes and amines.'"**** A time
course experiment showed that easily detectable amounts of the cross-link were formed

in duplex B within a few hours (Figure S1).

Cross-link formation was a robust reaction that was not highly sensitive to

reaction conditions. For example, in duplex B, similar cross-link yields (16 + 3%) were
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observed in HEPES buffer (50 mM, pH 7; 100 mM NaCl), cacodylate (50 mM, pH 7, 100

mM NacCl), NaH,PQO,/citric acid (16.5/1.8 mM, pH 7.0, 100 mM NaCl), MOPS (50 mM,
pH 7, 100 mM NaCl), Bis-Tris (50 mM, pH 7.4, 100 mM NacCl), HEPES buffer (50 mM,
pH 7; 100 mM NaCl, 2 mM Mg®*") and in the presence of the biological thiol glutathione
(2 mM, in HEPES 50 mM, pH 7, 100 mM NaCl) (Figure S2). Additionally a buffer
exchange into (HEPES 50 mM, pH 7, 100 mM NaCl) was performed after treatment with
UDG as an alternative to ethanol precipitation. There was no change in yield or
appearance of the bands created using this alternative preparation of Ap-containing
duplexes. However, it was discovered that improper removal of phenol/chloroform after

an extraction of addition of phenol would prevent cross-link formation (Figure S2).

Scheme 3
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The formation of low molecular weight imines and N-arylglycosides, analogous
to those shown in Scheme 3, are reversible processes.**” This made it interesting to
examine the stability of the cross-link generated in duplex B. We found that, once
formed, the cross-link in duplex B was stable to a variety of conditions including pH 3
(sodium acetate, 25 mM, 24 °C, 30 min), pH 10 (potassium phthalate, 24 °C, 25 mM, 30
min), or mild piperidine workup (0.1 M, 60 °C, 15 min) (Figure S3). On the other hand,
the cross-link was decomposed by heat (90 °C, 15 min) or treatment with the aldehyde-

trapping reagent methoxyamine (200 mM, 30 min, 60 °C; Figure S3).

1.3 Evidence That Cross-linking Involves the Adenine Residue Offset One Base to

the 3’-Side of the Ap site in the 5’-ApT/5’-AA Sequence

To identify the site at which the Ap-aldehyde was attached to the opposing
strand, we carried out hydroxyl radical footprinting of a cross-linked duplex containing
the 5°-ApT/5°-AA sequence.’®* The longer duplex E (Figure 1) was used to move the
DNA bands of interest away from a region of the gel where bands were obscured by a
“salt flare”. In this duplex, the strand opposing the Ap-containing 2’-
deoxyoligonucleotide was 5°-*?P-labeled. The cross-link was generated as described
above, isolated from the gel, and subjected to cleavage by a mixture of iron-EDTA-
H,0,.2%* In this type of experiment, the site of cross-linking appears as an interruption
in the “ladder” of strand cleavage products generated by the iron-EDTA-H,0, reagent,
because cleavages beyond the cross-link yield large, slow-migrating DNA fragments that

are connected to the opposing strand.?®?

In the present case, a clear disruption in the
ladder of cleavage products was observed at the 5’-adenine residue in the 5’-GApT/5’-
AAC sequence (residue A6 in duplex E, Figures 1 and 4). This provided evidence that

10
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cross-linking involves attachment of the Ap-aldehyde to the adenine residue that is offset

one base to the 3’-side of the Ap site.

Figure 4
A B
1234 G
3 G
T
A1l
-
G
AY .'.
c
G BE- c
T - G
Al L 1]
G - q AAE
AT as
A a=a
T -l
c - @
T '.
c S@=-0
T abd
AS ;e

Figure 4. Hydroxyl radical footprinting of duplex E to locate the site of cross-link
attachment. Duplex E contains the same core sequence as that in duplex B. Panel A:
Lane 1 is a Maxam-Gilbert G-specific cleavage (sequencing) reaction of the labeled 2’-
deoxyoligonucleotide strand in duplex E. Lane 2 is an A+G specific cleavage
(sequencing) reaction of the labeled 2’-deoxyoligonucleotide strand in duplex 1. Lane 3
is the hydroxyl radical footprinting reaction of the single stranded non-uracil containing
oligonucleotide. Lane 4 is the hydroxyl radical footprinting reaction of the slow-
migrating, cross-link band generated by incubation of duplex E HEPES buffer (50 mM,
pH 7) containing NaCl (100 mM) at 37 °C. The *?P-labeled 2’-deoxyoligonucleotides
were resolved on a 20% denaturing sequencing gel and the radioactivity in each band
quantitatively measured by phosphorimager analysis. Panel B is a Maxam-Gilbert G-
specific cleavage (sequencing) reaction of the labeled 2’-deoxyoligonucleotide strand in
duplex E. Panel C is an A+G specific cleavage (sequencing) reaction of the labeled 2’-
deoxyoligonucleotide strand in duplex E. Panel D is the hydroxyl radical footprinting
reaction of the slow-migrating, cross-link band.

11
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We next examined the effect of substituting different nucleobases for the key
adenine residue in the 5’-GApT/5’-AAC sequence. Substitution of this adenine residue
in duplex B with a guanine or thymine residue, respectively, gave duplexes F and G that
did not produce significant yields of a slow-migrating cross-link band (Figure 5). When
placing the remaining canonical base, cytosine, in place of the cross-linking adenine
residue also did not yield any cross-link (S15). Similarly, duplex H containing 2-
aminopurine at this position did not efficiently generate the cross-link (Figure 5). The
substitution of 2-aminopurine for the adenine residue amounts to the rather subtle
relocation of a single exocyclic amino group from the major groove to the minor groove
of the DNA duplex (see structures in Figure 1). Thus, the failure of duplex H to generate
significant yields of cross-link allowed us to infer that the exocyclic N®-amino group of
dA in the 5’-GApT/5’-AAC sequence was intimately involved in the cross-linking

reactions described here.
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Figure 5
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Figure 5. Nucleobase replacement experiments reveal that the underlined adenine
residue in the 5’-GApT/5’-AAC sequence of duplex B is critical for cross-link formation.
Replacement of this adenine residue in duplex B with a guanine or thymine residue in
duplexes E and F, respectively, abrogates cross-link formation (lanes 13 and 18).
Replacement of the crucial adenine residue with 2-aminopurine in duplex G yields only
small amounts of a slower-moving band (lane 8). Lanes 1-5, duplex B, lanes 6-9, duplex
G, lanes 10-14, duplex E, lanes 15-19, duplex F. Lanes 1, 10 and 15 contain 3P-labeled,
uracil-containing 2’-deoxyoligonucleotide duplexes. Lanes 2, 6, 11, and 16 contain the
%2p_|abeled UDG-treated (abasic-site-containing) duplexes without incubation. Lanes 3,
7,12, and 17 contain the abasic-site-containing duplexes subjected to piperidine work-up
(1 M, 95 °C, 25 min) to cleave the Ap site. Lanes 4, 8, 13, and 18 contain the cross-
linking reactions involving incubation of the abasic-site-containing duplexes in HEPES
buffer (50 mM, pH 7) containing NaCl (100 mM) at 37 °C. Lanes 5, 9, 14, and 19
contain the methoxyamine capping reactions involving incubation of the abasic-site-
containing duplexes incubated in HEPES buffer (50 mM, pH 7) containing NaCl (100
mM), and CH3ONH2*HCI (2 mM) at 37 °C. The ¥*P-labeled 2’-deoxyoligonucleotides
were resolved by electrophoresis on a 20% denaturing polyacrylamide gel and the
radioactivity in each band quantitatively measured by phosphorimager analysis.
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1.4 Mass Spectrometric Analysis of the Cross-linked Duplex B

The results described above were broadly consistent with a cross-linking
mechanism involving reversible reaction of the exocyclic N®-amino group on dA with the
Ap aldehyde to generate hemiaminal, imine, cyclic hydroxyalkylhemiaminal, or enamine
linkages at 5’-GApT/5’-AAC sequences in duplex DNA (structures 6-9). MALDI-MS
analysis of the cross-linked duplex B gave a strong [M-H] signal at m/z 12718.66. This
value is consistent with the imine 7, cyclic hydroxylalkylhemiaminal 8, or enamine 9
(Figure S4; calcd [M-H] = 12719.4, 20 ppm dev). Literature precedents describing the
properties of structurally related small molecules indicate that the cyclic

hydroxylalkylhemiaminal structure 8 likely is favored.?#249>0

LC-MS/MS analysis, performed in collaboration with the Wang laboratory at
UCR, provided additional insight regarding the chemical structure of the dA-Ap cross-
link. The cross-linked duplex B (without the 5°-3?P label) was excised from a 20%
denaturing polyacrylamide gel, eluted from the gel slice, digested with a four-enzyme
cocktail consisting of nuclease P1, alkaline phosphatase, and phosphodiesterases | and 11,
and subjected to LC-MS/MS analysis using previously reported experimental
conditions.”™* Selected-ion chromatograms revealed two peaks eluting at 24.1 and 26.1
min displaying the relevant m/z 368->252 transition anticipated for the neutral loss of 2-
deoxyribose from the putative dA-AP cross-link (Figure 6). Further cleavage of the m/z
252 ion gave rise to a dominant fragment ion at m/z 136 in MS/MS/MS (Figure S5),
which is identical to the MS/MS observed for the [M+H]" ion of dA, suggesting that the
initial m/z 368->252 transition arises via loss of the cross-linked 2-deoxyribose adduct

from dA (Figure 5C). The presence of multiple peaks in the LC-MS/MS ion
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chromatogram was consistent with the expectation that the anticipated cross-link remnant
resulting from the digestion of 8 will exist as an equilibrating mixture of pyranose and
furanose isomers, each with o/f anomers, however the pyranose isomers will likely

predominate (Scheme S1).28>*

Figure 6
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Figure 6. LC-ESI-MS and MS/MS analysis of the mixture generated by digestion of the
cross-linked 2’-oligonucleotide generated by incubation of duplex B in HEPES buffer (50
mM, pH 7) containing NaCl (100 mM) at 37 °C. Panel A shows the selected-ion
chromatogram (SIC) monitoring the neutral loss of 2-deoxyribose from the dA-AP cross-
link. Panel B shows the MS/MS arising from the fragmentation of the ion at m/z 368.
Panel C depicts possible structures for the ions observed at m/z 368, 252, and 136 in these
experiments.
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1.5 High Yield dA-Ap Cross-link Formation in the 5’-CApT/5’-AAG Sequence

We examined cross-link formation in duplex I that contained a central
5’CApT/5’-AAG sequence. This experiment was intriguing to us because, in this
sequence context, the Ap site has the potential to nominally generate cross-links with
either the guanine or adenine residue on the opposing strand (residues colored red in
duplex I shown in Figure 1). Incubation of duplex I in HEPES buffer (50 mM, pH 7, 100
mM NacCl) at 37 °C produced a remarkable 71.5 £ 3.7% vyield of a slow-migrating band in
the region of the denaturing gel where the cross-linked duplexes migrate (Figure 7).
Similar to the experiments described above in the context of the 5’-GApT/5’-AAC
sequence, the yield of the slow-moving band in the 5’CApT/5’-AAG sequence also was
greatly diminished when the aldehyde-capping reagent methoxyamine was added to the
reaction mixtures. Slow-moving bands from duplexes containing 3’-overhanging ends
were gel shifted, providing evidence that the slow-migrating bands were, in fact,
interstrand cross-links containing both full-length strands of the duplex (Figures S6-S9).
Nanospray ESI-MS further confirmed cross-link formation (Figure S10). Together the
results confirmed that the slow-migrating band generated in the 5’CApT/5’-AAG
sequence was an interstrand cross-linked duplex involving the Ap-aldehyde residue.
Footprinting of a cross-linked 35-mer duplex containing the 5’CApT/5’-AAG core
sequence indicated that the cross-link attachment was to the underlined adenine residue in
the 5’CApT/5’-AAG sequence (Figure S9). The footprinting results showed no
detectable cross-linking to the dG residue in this sequence. Thus, the remarkable cross-
link yield in this sequence appears to result from efficient formation of a dA-Ap cross-

link rather than simultaneous formation of dG-Ap and dA-Ap cross-links.
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Figure 7
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Figure 7. Interstrand cross-link formation in duplex I. Lane 1. 5°-*?P-labeled uracil-
containing precursor of 2°-deoxyoligonucleotide duplex I. Lane 2. 5°-3P-labeled abasic-
site-containing 2’-deoxyoligonucleotide duplex I without incubation. Lane 3. 5’-*?P-
labeled abasic-site-containing 2’-deoxyoligonucleotide duplex I cleaved by treatment
with piperidine (1 M, 95 °C, 25 min). Lane 4. Duplex I incubated in HEPES buffer (50
mM, pH 7) containing NaCl (100 mM) at 37 °C. Lane 5. Duplex I incubated in with
CH3ONHj; (2 mM) in HEPES buffer (50 mM, pH 7) containing NaCl (100 mM) at 37 °C.
The *2P-labeled 2°-deoxyoligonucleotides were resolved on a polyacrylamide gel and the
radioactivity in each band quantitatively measured by phosphorimager analysis.

The Wang lab at URC preformed LC-MS/MS analysis of the products generated

by nuclease P1 digestion'?*3

of the cross-linked duplex I and revealed the presence of a
tetranucleotide with the Ap-aldehyde conjugated with the underlined adenine (Figure
S10), while the corresponding tetranucleotide with the Ap-aldehyde being attached to the
guanine residue was not detectable (data not shown). Additionally, LC-MS/MS analysis

of the products formed from the digestion with a 4-enzyme cocktail*? showed that the

dA-Ap remnant is present at a level that is approximately two orders of magnitude higher
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than its dG-AP counterpart (Figures S10-13). These results mesh with the footprinting
data described above and indicate that the cross-linking occurs predominantly between

the Ap-aldehyde and the underlined adenine in the 5°-CApT/5’-AAG sequence.
1. 6 Conclusions

We identified a novel cross-link involving reaction of a DNA Ap site with an
adenine residue on the opposing strand of the double helix. It is now clear that both dG
and dA can engage in cross-linking with an Ap site and two distinct cross-linking
sequence motifs, 5’-CAp/5°-AG and 5’-ApT/5’-AA have been defined as locations for
the formation of Ap-derived cross-links.***? The difference in the favored locations of
dA and dG residues in these cross-links, with the cross-linking nucleobase displaced to
the 3°- and 5’-side of the Ap site, respectively, is a natural consequence of the helical
twist of duplex DNA coupled with the fact that the N®-amino group of adenine is located

in the major groove while the N®>-amino group of guanine resides in the minor groove.

Our results were consistent with a mechanism involving attack of the exocyclic
N°-amino group of adenine on the aldehyde residue of the Ap site to generate a
hemiaminal intermediate (6, Scheme 3). The mass spectrometric data is consistent with
subsequent dehydration of 6 to give the imine (7), cyclic hydroxyalkylhemiaminal (8), or
enamine (9) product. The detailed chemical structure of the dA-Ap cross-link using 2D-
NMR will be described in chapter 2, but even before completion of that work chemical
precedents involving structurally related small molecules suggested that the cyclic
hydroxyalkylhemiaminal (8) likely will be the predominant form.?%##**® The substantial

stability of the dA-Ap cross-link generated in duplex B is generally consistent with a
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cyclic hydroxyalkylhemiaminal 8, in which the reactive imine group of 7 has been
masked by intramolecular attack of the hydroxyl group. Despite the stability of the cross-
link to many of the conditions examined here, the reaction is reversible and work in
chapters 2 and 3 will demonstrate whether Ap-derived cross-links have sufficient stability

to block DNA processing enzymes such as helicases and polymerases.

It may be important to emphasize that the dA-Ap cross-links described here
formed in good yields (13-70%) under physiologically-relevant conditions (pH 7, 100
mM NaCl) and did not require conditions of reductive amination (e.g. pH 4-5 and
NaCNBHz3) often used to stabilize and increase the yield of the imine products resulting
from the reaction of aldehydes and amines.***2%* |n the sequences examined to date,
the yields of dA-Ap cross-links were much higher than those observed for the dG-Ap
cross-links, when both reactions are conducted under the same, physiologically-relevant
conditions (pH 7, in the absence of NaCNBHs)."**? The sequence 5°-CApT/5°-AAG
(duplex I) that, in principle, can form both dG-Ap and dA-Ap cross-links, in fact,
generates a remarkably high yield (~70%) of the dA-Ap cross-link. It seems likely that,
in some duplexes such as I, multiple cross-linked species exist in dynamic equilibrium.
The yield of each cross-linked species at equilibrium will be determined by the inherent
abilities of each nucleobase to generate imine linkages with the Ap aldehyde and by the
ability of the DNA duplex to position the amino and aldehyde groups in a manner that
favors imine formation. Thus, formation of these Ap-derived cross-links is conceptually
related to template-directed synthesis with dynamic combinatorial imine libraries, in
which equilibrium “sorting processes” involving reversible imine formation among a

mixture of various aldehydes and amines ultimately generate higher yields of the imine
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products that form the most stable ensembles with a templating molecule present in the
reaction.”®® Our results established that the equilibrium yields of the dA-Ap cross-link
can be quite high in some sequence contexts and work in chapter 3 explores the effects of

sequence variation on cross-link yields.

The widespread occurrence of Ap sites'**

along with the facile nature of the
cross-linking reactions described here make it interesting to consider the possibility that

Ap-derived cross-links can form in genomic DNA. In cells, processes such as

13,57,58 59,60

repair and strand cleavage (as shown in Scheme 2) will compete with the
formation of Ap-derived cross-links. As a result, the majority of Ap sites in genomic
DNA almost certainly do not go forward to form interstrand DNA-DNA cross-links.

1,2,8-10 even

Nonetheless, because interstrand cross-links are especially noxious lesions,
low yields of endogenous Ap-derived cross-links could prove significant in several
diverse areas. First, endogenous DNA damage is thought to be important in the etiology
of both human aging and sporadic cancers.® Because cross-links present severe
challenges to replication, transcription, and repair, endogenously-formed cross-links
could be especially significant. Unrepaired cross-links that block transcription and
replication may promote cell death and senescence that contribute to the aging of
tissues.>*®%% At the same time, cellular attempts to repair cross-links are error-prone
and introduce cancer-causing mutations into the genome.®*®". In addition, the
realization that Ap sites can generate cross-links in duplex DNA may help explain why
pathways such as nucleotide excision repair (NER) and recombination that are typically
associated with the repair of more complex lesions are required for eukaryotic cells to

13,57

survive the introduction of Ap sites into their genome. Finally, Ap-derived cross-
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links could be relevant to difficulties inherent in the amplification and sequencing of
ancient DNA.?® Ancient DNA samples contain a plethora of lesions including oxidative
base damage, Ap sites, and strand breaks,® but it has been suggested that a high density
of interstrand cross-links ultimately limit the ability to amplify and sequence the DNA in
these samples.”® The structural nature of the cross-links in ancient DNA has not been
elucidated, but Ap-derived cross-links are good candidates for these blocking lesions that

hinder sample processing.”

Overall, these findings establish Ap-derived interstrand cross-links as a family of
DNA lesions that can form in diverse sequence contexts. Studies are currently underway
to define the structure, occurrence, biochemical properties, and biological consequences

of these lesions.

1.7 Materials and Methods

Oligonucleotides were purchased from Integrated DNA Technologies. All enzymes were
purchased from New England Biolabs (Ipswich, MA, USA). [y-*2P]-ATP (6000
Ci/mmol) was purchased from Perkin Elmer. C-18 sep-pak cartridges were from Waters.
BS Polyprep columns were purchased from BioRad.  Erythro-9-(2-hydroxy-3-
nonyl)adenine (EHNA) hydrochloride was from Tocris Bioscience (Ellisville, MO,
USA). Nuclease P1 and phosphodiesterases 1 and 2 were from Sigma-Aldrich (St. Louis,
MO, USA). Alkaline phosphatase and proteinase K were from New England Biolabs
(Ipswich, MA, USA). Quantification of radioactivity in polyacrylamide gels was carried
out using a Personal Molecular Imager (BIORAD) with Quantity One software (v.4.6.5).

All other reagents were purchased from Sigma-Aldrich.
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Representative procedure for cross-link formation. Single-stranded uracil containing
2’-deoxyoligonucleotides were 5’-labeled using standard procedures.”* Labeled DNA
was annealed® with its complimentary strand and treated with the enzyme UDG (50
units/mL, final concentration) to generate Ap sites. UDG enzyme was removed by
phenol-chloroform extraction.”* Individual DNA duplexes were incubated in a buffer
composed of HEPES (50 mM, pH 7) containing NaCl (100 mM) at 37 °C for 120 h. The
DNA was ethanol precipitated,”* resuspended in formamide loading buffer,” loaded onto
a 20% denaturing polyacrylamide gel, and the gel electrophoresed for 4 h at 1000 V.
Direct loading of cross-linking reactions (without ethanol precipitation) showed that
ethanol precipitation does not alter the yield of the slow-migrating, cross-link band. The
amount of radiolabeled DNA in each band on the gel was measured by phosphorimager
analysis. The time course for the formation of the Ap site cross-link was carried out by
incubating a solution containing labeled DNA (approximately 300,000 cpm), in HEPES
(50 mM, pH 7) and NaCl (100 mM) at 37 °C. At specified time points, aliquots (10 pL)
were removed and frozen at —20 °C, after all time points were collected samples were

loaded directly on the gel and analyzed as described above.

Hydroxyl radical footprinting of cross-linked duplexes. Standard literature protocols
were used in the footprinting of the cross-linked duplexes.”®*® In these experiments, the
strand opposing the uracil-containing oligonucleotide was 5’-labeled using standard
procedures.”t Labeled DNA was annealed with the uracil-containing complement* and
treated with UDG to generate the abasic site as described above. The Ap-containing
double-stranded DNA (~500,000 cpm) was incubated in HEPES (50 mM, pH 7) and

NaCl (100 mM) at 37 °C for 120 h. The DNA was ethanol precipitated, suspended in
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formamide loading buffer, and the 2’-deoxyoligonucleotides resolved on a 0.4 mm thick
20% denaturing polyacrylamide gel. The slow-migrating cross-linked duplex band was
visualized using X-ray film, the band cut out of the gel, the gel slice crushed, and the gel
pieces vortexed in elution buffer (NaCl 200 mM; EDTA, 1 mM) at room temperature for
at least 1 h. The mixture was filtered through a poly-prep column to remove gel
fragments and the filtrate desalted using a C18 Sep-pak (100 mg size). The resulting
solution was evaporated using a Speed-Vac concentrator, the residue redissolved in water
(24 uL), split evenly into three microcentrifuge tubes, and diluted with 2x oxidation
buffer (10 uL of a solution composed of sodium phosphate, 20 mM, pH 7.2; NaCl, 20
mM; sodium ascorbate, 2 mM; H,0,, 1 mM). To this mixture was added a solution of
iron-EDTA (2 uL, EDTA, 70 mM; Fe(NH,4)2(S04)2#6H,0, 70 mM) to start the reaction,
the mixture vortexed briefly, and incubated at room temperature for 1, 2, and 3 min
before addition of thiourea stop solution (10 uL of a 100 mM solution in water).
Hydroxyl radical footprinting reactions, Maxam-Gilbert G, and Maxam-Gilbert A+G
reactions were performed on the labeled single-strand to generate marker lanes.®® The

resulting DNA fragments were analyzed using gel electrophoresis as described above.

Static Nanospray QTOF MS. The oligonucleotide sample was analyzed in a 40 mM
dimethylbutylammonium acetate (pH 7.1) buffer. Negative ion MS spectra was taken for
mass range of 280-3200 Da on an Agilent6520A QTOF MS with Chip Cube source
(G4240A). Monoisotopic neutral masses were calculated from the multiply charged ion
spectrum present in the 500-2000 Da mass range. Sample introduction was done with
New Objective Econol2 N uncoated borosilicate glass emitters. Negative ion spectrum

was acquired at a capillary potential sufficient to initiate spray of the sample. The
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nitrogen gas was heated to 290°C and introduced at a flow rate of 4L/min. The
Fragmentor, Skimmer, and Octapolel RF Vpp potentials were set to 200 V, 65 V, and
750 V, respectively. External Calibration was done with the Agilent ESI-Low calibration
tuning mixture (cat. no. G1969-85000) and data analysis was performed with Agilent
Mass Hunter Workstation QUalitative Analysis software v B.02.00, Build 2.0.197.0 with
Bioconfirm Software (2008). Peptide isotope model was assumed and peak set height
threshold for extraction was set to > 500 counts. Deconvolution was done with a 0.1 Da

step size with a result of 20 iterations of the algorithm calculation

Enzymatic digestion. Duplex H was digested using a 4-enzyme cocktail following the
conditions described previously.*? Briefly, nuclease P1 (5 U), phosphodiesterase 2 (0.01
U), EHNA (20 nmol) and a 50-uL solution containing 300 mM sodium acetate (pH 5.6)
and 10 mM zinc chloride were added to 300 pmol of duplex H in a final volume of 500
uL. In this context, EHNA served as an inhibitor for deamination of 2’-deoxyadenosine
(dA) to 2'-deoxyinosine (d1) induced by adenine deaminase.”® The resulting mixture was
incubated at 37° C for 48 h. To the digestion mixture were then added alkaline
phosphatase (10 U), phosphodiesterase 1 (0.005 U) and 100 puL of 0.5 M Tris-HCI buffer
(pH 8.9). The digestion was continued at 37° C for 2 h. Duplex B was digested using the
4-enzyme cocktail under similar conditions. Digestion with nuclease P1 alone was
performed following previously published procedures,** where 0.2 unit of nuclease P1
(0.2 U) was added to 300 pmol of duplex H in a 500 uL water solution. The resulting
mixture was incubated at 37° C for 2 h. The above enzymatic digestion mixture was

extracted with chloroform to remove enzymes, and the aqueous layer was dried in Speed-
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vac, reconstituted in water, and subjected to LC-MS/MS analyses as described

previously.*?
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Figure S1. Time course for the formation of the dA-Ap cross-link. Duplex B was
incubated in HEPES buffer (50 mM, pH 7) containing NaCl (100 mM) at 37 °C. At each
time point aliquots were removed and frozen at —20 °C. The ¥P-labeled 2’-
deoxyoligonucleotides were resolved on a denaturing polyacrylamide gel. Left: Lane 1,
uracil-containing precursors of the 2’-deoxyoligonucleotide duplex. Lane 2, the abasic-
site-containing duplexes cleaved by treatment with piperidine (1 M, 95 °C, for 25 min).
Lanes 3-21 are formation time points in hours 0, 0.5, 1, 2, 6, 8, 10, 24, 30, 49, 55, 73, 78,
92, 101, 120, 144, 148, 168. The *2P-labeled 2’-deoxyoligonucleotides were resolved on a
denaturing polyacrylamide gel A. The radioactivity in each band quantitatively measured
by phosphorimager analysis, and the yield of slow-migrating (cross-linked DNA) band
plotted versus time. Right: Time = 0 was defined as the end of the 1.5 h reaction of the
uracil-containing 2’-deoxyoligonucleotide duplex with UDG to generate the Ap-
containing 2’-deoxyoligonucleotide duplex B.
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Figure S2. Cross-link formation in duplex B in the presence of various buffers, salt
conditions, and additives. The Ap-containing duplex B was incubated for 120 h at 37 °C.
The ¥P-labeled 2’-deoxyoligonucleotides were resolved on a denaturing polyacrylamide
gel and the radioactivity in each band quantitatively measured by phosphorimager
analysis. In the graph above, the yield of slow-migrating (cross-linked DNA) band was
normalized against a reaction carried out under standard conditions (50 mM HEPES pH
7.0, 100 mM NacCl, bar 1, far left on the graph). The conditions employed for the other
reactions, from left to right were: bar 2, 50 mM cacodylate pH 7.0, 100 mM NacCl; bar 3,
16.5 mM NaPOy,, 1.8 mM citric acid pH 7.0, 100 mM NacCl; bar 4, 50 mM NaPQO, pH 7.2,
50 mM NacCl; bar 5, 50 mM MOPS pH 7.0, 100 mM NaCl; bar 6, 50 mM Bis, 50 mM
Tris pH 7.0, 100 mM NacCl; bar 7, 50 mM HEPES pH 7.0, 100 mM NaCl, 2 mM MgCly;
bar 8, 50 mM HEPES pH 7.0, 300 mM NaCl; bar 9, 50 mM HEPES pH 7.0, 100 mM
NaCl, 1 mM GSH; bar 10, 50 mM HEPES pH 7.0, 100 mM NaCl, 1 mM DTT; bar 11, 50
mM HEPES pH 7.0, 100 mM NaCl, 100 mM phenol.
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Figure S3. Stability of the cross-linked duplex B under various conditions. Duplex B
was incubated in HEPES buffer (50 mM, pH 7) containing NaCl (100 mM) at 37 °C for
120 h at 37 °C, ethanol precipitated, and then subjected to various conditions. The *2P-
labeled 2’-deoxyoligonucleotides were resolved on a denaturing polyacrylamide gel and
the radioactivity in each band quantitatively measured by phosphorimager analysis, and
the yield of slow-migrating (cross-linked DNA) band was normalized against an aliquot
that was precipitated and then resuspended in water (bar 1). Other aliquots were
subjected to various work-up conditions: bar 2, 100 mM piperidine 60 °C for 15 min; bar
3, 90 °C for 15 min; bar 4, pH 3 (25 mM sodium acetate) 24 °C for 15 min; bar 5, pH 10
(25 mM potassium phthalate) 24 °C for 15 min, and bar 5, 200 mM methoxyamine at 60
°C for 30 min.
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Figure S4. MALDI TOF mass spectrometric analysis of an unlabeled version of cross-
linked duplex B generated by incubation of duplex B in HEPES buffer (50 mM, pH 7.0)
containing NaCl (100 mM) at 37 °C. The cross-link was purified by preparative gel
electrophoresis, desalted using a G-25 Sephadex column and ethanol precipitated. The
spectrum was externally calibrated using an oligonucleotide standard with m/z of

12,378.11. MALDI TOF analysis was performed as described previously.'?
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Figure SS. LC-ESI-MS/MS/MS analysis of the 4-enzyme digestion mixture of cross-
linked duplex B. Shown here is the 252> 136 m/z transition in positive ion mode.

30



Interstrand DNA-DNA Cross-link Formation Between Adenine
Residues and Abasic Sites in Duplex DNA Chapter 1

Scheme S1

Scheme S1. Expected furanose (top) and pyranose (bottom) isomers of the cyclic
hemiaminal arising from the reaction of deoxyadenosine with deoxyribose.
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Figure S6. Time course for the formation of cross-link in duplex I. The abasic-site-
containing duplex was incubated in HEPES buffer (50 mM, pH 7.0) and NaCl (100 mM)
at 37 °C and aliquots were removed from the reaction and frozen prior to sequencing gel
analysis (lanes 4-10). The lower bands correspond to the full length labeled 2’-
deoxyoligonucleotides and the upper band cross-linked DNA. Lane 1 is the *P-labeled
uracil-containing precursor 2’-deoxyoligonucleotide, lane 2 is the 3?P-labeled abasic-site-
containing duplexes cleaved by treatment with piperidine (1 M, 95 °C, for 25 min), and
lane 3 is the **P-labeled abasic-site-containing duplex without incubation. The *2P-
labeled 2’-deoxyoligonucleotides were resolved on a polyacrylamide gel and the
radioactivity in each band quantitatively measured by phosphorimager analysis. The left
panel shows a representative gel depicting the first 28 h of the cross-linking reaction.
The right panel shows results from obtained from full time course experiments.
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Figure S7. Relative yields of cross-linked DNA generated in duplex I in the presence of
various buffers, salt conditions, and thiol additives. The “control” (or standard) cross-
linking reaction (relative yield 100%, bar 1 on the graph) involved incubation of duplex I
in HEPES buffer (50 mM, pH 7) containing NaCl (100 mM) at 37 °C for 120 h. These
experiments examine the effects of different buffers, salts, or thiols present during the
cross-linking reaction. Yields under other conditions were normalized against that
obtained under standard conditions. The conditions examined were: bar 2, 50 mM
cacodylate pH 7.0, 100 mM NaCl; bar 3, 50 mM NaPO,4 pH 7.2, 50 mM NacCl; bar 4, 50
mM MOPS pH 7.0, 100 mM NacCl; bar 5, 50 mM Bis, 50 mM Tris, 5 mM DTPA pH 7.0,
100 mM NacCl; bar 6, 50 mM HEPES pH 7.0, 100 mM NaCl, 2 mM MgCl,; bar 7, 50
mM HEPES pH 7.0, 300 mM NaCl; bar 8, 50 mM HEPES pH 7.0, 100 mM NaCl, 1 mM
GSH; bar 9, 50 mM HEPES pH 7.0, 100 mM NaCl, 1 mM DTT.
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Figure S8. Stability of the cross-linked duplex I when subjected to various post-
formation work-up conditions. Panel A displays the remaining amount of cross-linked
DNA after various treatments compared with untreated cross-link. Lane 1 is the uracil-
containing precursor of 2’-deoxyoligonucleotide duplex I. Lane 2 is the abasic-site-
containing 2’-deoxyoligonucleotide duplex I without incubation. Lane 3 is the abasic-
site-containing 2’-deoxyoligonucleotide duplex I cleaved by treatment with piperidine (1
M, 95 °C, 25 min). Lane 4 is duplex I incubated in HEPES buffer (50 mM, pH 7)
containing NaCl (100 mM) at 37 °C, ethanol precipitated and stored in water for 15 min.
Lanes 5-9 show cross-linked DNA generated as described for lane 4 except subjected to
various work-up conditions: lane 5, 60 °C, 15 min; lane 6, 90 °C, 15 min; lane 7, pH
adjusted to 3, 15 min; lane 8, pH adjusted to 10, 15 min; lane 9, 100 mM piperidine, 60°
C, 15 min. Panel B is a bar graph with a quantitative illustration of the data from the
gels. The yields of the cross-linked DNA obtained remaining after various work-ups
were normalized against the amount of cross-link present in the sample that was similarly
precipitated, but not subjected to any work-up (lane 4).
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Figure S9. Hydroxyl radical footprinting of duplex J to locate the site of cross-link
attachment (Panel A). Duplex J contains the same core sequence as that in duplex H.
The slightly longer duplex J shown above was employed to move the bands at the cross-
linking site out of a “salt-flare” zone in the polyacrylamide gel and gives clear, sharp
bands at the cross-link site. Lane 1 is a Maxam-Gilbert G-specific cleavage (sequencing)
reaction of the labeled 2’-deoxyoligonucleotide strand in duplex J. Lane 2 is an A+G
specific cleavage (sequencing) reaction of the labeled 2’-deoxyoligonucleotide strand in
duplex J. Lanes 3-5 are the hydroxyl radical footprinting reactions of the labeled 2’-
deoxyoligonucleotide strand in duplex J. Lanes 6-9 are the hydroxyl radical footprinting
reactions of the slow-migrating, cross-link band generated by incubation of duplex J in
HEPES buffer (50 mM, pH 7.0) and NaCl (100 mM) at 37 °C. The *P-labeled 2’-
deoxyoligonucleotides were resolved on a polyacrylamide gel visualized by
phosphorimager analysis (Panel A) and used to develop densitometry traces (Panels B-
D). Panel B is the Maxam-Gilbert G-specific cleavage (sequencing) reaction of the
labeled 2’-deoxyoligonucleotide strand in duplex J. Panel C is the A+G specific
cleavage (sequencing) reaction of the labeled 2’-deoxyoligonucleotide strand in duplex J.
Panel D is the hydroxyl radical footprinting reaction of the slow-migrating cross-link
band.
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Figure S10. Nanospray QTOF MS of a cross-linked duplex containing the same core
sequence found in duplex 1.
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Figure S11. LC-ESI-MS and MS/MS for the analysis of the nuclease P1 digestion
mixture of duplex I with a dA-Ap cross-link. Shown in (a) is the selected-ion
chromatogram (SIC) for monitoring the loss of a thymidine-5’-phosphate from the [M—
2H]* ion of the tetramer shown (i.e., the m/z 571.3>821.4 transition). Inset gives the
higher resolution “ultra-zoom” ESI-MS for the [M—2H]*" ion of the tetramer. Displayed
in (b) is the tandem mass spectrum for the [M—2H]?" ion of the tetramer.
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Figure S12. LC-ESI-MS/MS/MS for the analysis of the 4-enzyme digestion mixture of
duplex I with a dA-Ap cross-link. Shown in (a) is the selected-ion chromatogram (SIC)
for monitoring the m/z 368 - 252 - 136 transition. Displayed in (b) is the MS/MS from
the cleavage of the [M + H]" ion of the completely digested cross-link remnant.
Depicted in (c) is MS/MS/MS arising from the fragmentation of the ion of m/z 252
observed in (b).
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Figure S13. LC-ESI-MS/MS/MS for the analysis of the 4-enzyme digestion mixture of
duplex I, probing whether the cross-linked duplex contains a dG-Ap cross-link. Shown
in () is the selected-ion chromatogram (SIC) for monitoring the m/z 384 - 268 - 240
transition. Displayed in (b) is the MS/MS from the cleavage of the [M + H]" ion of the
completely digested cross-link remnant. Depicted in (c) is MS/MS/MS arising from the
fragmentation of the ion of m/z 268 observed in (b).

39



Interstrand DNA-DNA Cross-link Formation Between Adenine

Residues and Abasic Sites in DuEIex DNA ChaEter 1
Figure S14
Nuclease P1

Relative Abundance

Relative Abundance

5" -ATAGATGAACAPTAGACATATA-3'
3'"-TATCTACTTG A ATCTGTATAT-5"

Digestion 5'—0,P-ApT-3’
e

AN
3" -A A-PO,"-5'

16.1
1007 (@) sic m/z571.3>821.4
100 5713
50 5718
50+
5723
O AA-L A_I\_J A.A.n_.hﬂz
566 571 576
0 : '\ : : .
0 10 20 30 40
Time (min)
-pdT-HPO, PdT"
1007 (D) 7414 8214
® m/z571
pdT- g
3212
50 ~ pdTp- AT
M2 o35y MLH, O] o
5084 5617 _ - - 3
PO, H2010634
10455
O' 1 II ||.l I.l 1] I I Lt 1 —L 1 II . m/z
300 600 900 1200

Figure S14. LC-ESI-MS and MS/MS for the analysis of the nuclease P1 digestion

mixture of duplex I with a dA-Ap cross-link.

Shown in (a) is the selected-ion

chromatogram (SIC) for monitoring the loss of a thymidine-5’-phosphate from the [M—
2H]* ion of the tetramer shown (i.e., the m/z 571.3->821.4 transition). Inset gives the
higher resolution “ultra-zoom” ESI-MS for the [M—2H]% ion of the tetramer. Displayed
in (b) is the tandem mass spectrum for the [M—2H]?" ion of the tetramer.

Figure S15
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Figure S15. Lanes 1-5, duplex B and lanes 6-9, duplex J. Lanes 1 and 6 contain **P-
labeled, uracil-containing 2’-deoxyoligonucleotide duplexes. . Lanes 2 and 7 contain the
abasic-site-containing duplexes subjected to piperidine work-up (1 M, 95 °C, 25 min) to
cleave the Ap site. Lanes 3 and 8 contain the *’P-labeled UDG-treated (abasic-site-
containing) duplexes without incubation Lanes 4 and 9 contain the cross-linking reactions
involving incubation of the abasic-site-containing duplexes in HEPES buffer (50 mM, pH
7) containing NaCl (100 mM) at 37 °C. Lanes 5 and 10 contain the methoxyamine
capping reactions involving incubation of the abasic-site-containing duplexes incubated
in HEPES buffer (50 mM, EH 7) containing NaCl (100 mM), and CH3ONH,*HCI (2
mM) at 37 °C. The “?P-labeled 2’-deoxyoligonucleotides were resolved by
electrophoresis on a 20% denaturing polyacrylamide gel and the radioactivity in each
band quantitatively measured by phosphorimager analysis.
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Chapter 2. Chemical and structural characterization of
interstrand cross-links formed between abasic sites and
adenine residues in duplex DNA

2.1 Introduction
Chemical modification of cellular DNA can have profound biological consequences.

> The chemical

Formation of DNA lesions can either be cytotoxic or mutagenic.
structure of a DNA lesion ultimately determines the exact nature of dysfunction they
cause.®® Thus, careful chemical structure determination is a critical step in the overall
characterization of any particular DNA lesion. Rigorous chemical structure determination
of DNA adducts requires spectroscopic characterization of the lesion.” This may involve
direct characterization of the lesion in, or released from, duplex DNA.'***  Alternately,
one can synthesize a standard of a putative lesion and use LC/MS to compare the
properties of the authentic standard to material released from duplex DNA by enzymatic
digestion.*>%

We recently reported a new type of interstrand DNA-DNA cross-link formed by
reaction of an abasic site (Ap site) with a deoxyadenosine (dA) residue on the opposing
strand of the double helix.?* These cross-links form in high yields (15-70%) in

5’ApT/5’AA sequences. We proposed that formation of dA-Ap cross-links involved

initial reaction of the N®-amino group of deoxyadenosine with the aldehyde residue of the
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Ap site (1) to yield an imine intermediate (3, Scheme 1). Precedents surrounding the
reactions of arylamines with glycosides further suggested that intramolecular attack of
the C4”-hydroxyl group on the putative imine intermediate 3 will generate the cyclic
alkoxyhemiaminal 4.%%?®* In our previous report, we showed that digestion of double-
stranded DNA containing the dA-Ap cross-link with a mixture of nuclease P1, alkaline
phosphatase, and phosphodiesterases | and | released a dinucleoside cross-link
“remnant”. However, the chemical connectivity of the dA-Ap cross-link was not
rigorously established.

Scheme 1
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In the work described here, we characterized the structure and properties of the dA-
Ap cross-link remnant that is released by enzymatic digestion of cross-linked DNA. An
authentic standard of the putative dinucleoside cross-link remnant 5 was synthesized by

reaction of dA with 2-deoxyribose. Complete spectroscopic characterization of this
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material established that the anomeric center of the 2-deoxyribose adduct was connected
to dA at the exocyclic N®-amino group and exists as a mixture of cyclic
alkoxyhemiaminals (o and B anomers of both the furanose and pyranose isomers). LC-
MS/MS analysis provided evidence that the synthetic compound 5 has the same chemical
structure as the cross-link remnant released by enzymatic digestion of cross-linked DNA.
Further experiments showed that the cross-link remnant 5 was quite stable at neutral pH,
decomposing to release unmodified dA with a half-life of 65 d at 37 °C. The inherent
chemical stability of the dA-dR cross-link remnant is reflected in the stability of the
cross-link in duplex DNA. For example, there was no detectable dissociation of the dA-
Ap cross-link in duplex DNA over the course of 96 h at pH 7 and 37 °C. The stability of
the dA-Ap cross-link offers the possibility that this may be a persistent lesion with the
potential to block the action of various DNA processing enzymes. Finally, the work lays

a foundation for the detection of the dA-Ap cross-link in cellular DNA.

Results and Discussion

2. 2 Synthesis and Spectroscopic Characterization of the Cross-link Remnant 5

The putative cross-link remnant 5 was prepared by reaction of 2’-deoxyadenosine
(0.6 M) with 2-deoxy-D-ribose (2.6 M) in a solvent mixture composed methanol/acetic
acid 2:1 v/v (Scheme 2). Thin layer chromatographic analysis of the reaction mixture on
silica gel revealed formation of a single new polar spot. This material was isolated by
column chromatography on silica gel eluted with dichloromethane containing methanol

(5-12% v/v) to give the product in 54% yield.
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Scheme 2
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ID-NMR analysis revealed resonances for both dA and an additional 2-
deoxyribose unit in the product (Tables 1 and 2). The HMQC spectra allowed
assignment of carbon-to-hydrogen connectivity. Multiple resonances were observed for
the 2-deoxyribose adduct in the product. This was not unexpected, as 2-deoxyribose
itself exists as an equilibrium mixture of the a-pyranose, B-pyranose, a-furanose, and -
furanose isomers (Scheme 2).** Similarly, N-aryl-2-deoxyaminoriboside analogs also
exist as a mixture of cyclic forms, in which the pyranose isomers dominate. Thus, the
observation of multiple resonances for the carbons and hydrogens of the 2-deoxyribose
adduct in the product indicated that the product existed as a mixture of the four possible
isomers (o-pyranose, [-pyranose, o-furanose, and P-furanose). An EXSY-NMR
experiment that gives cross-peaks between sites that are in slow chemical exchange

51



Chemical and structural characterization of interstrand cross-links

formed between abasic sites and adenine residues in duplex DNA Chapter 2
Table 1
Position  Isomer 8. 5y (Jin Hz) HMBC TOCSY N HMBC
6 A 156.1
B 156
c 155.9
2 A 154.9 8.26 0.29H, s 4,6
B 154.8 8.250.55H, s 4,6
c 154.8 8.250.08H, s 4,6
D 154.7 8.24 0.08H, s 4,6
4 151.3
8 A 143.5 8.290.63H, s 4
B 143.3 8.29 0.29H, s 4
c 8.29%
D 8.28 0.08H, s
5 A 122.2
B 122.1
c 122.0
4 90.1 4.17 1H, m 1 1", 3", 5%, 2'ap
4" A 88.6 4.10 0.08H, m 5"aab
B 87.9 4.02 0.08H, m 5" 5"8ab
C 69.2 3.90 0.90H, m 2" 2"bap
D 69.3 3.90 *
1' 87.4 6.43 1H, t(6.9) 4,84 34", 2",
1" A 84.5 6.28 0.08, brs 3"5 2"napb
B ND 6.21 0.08H, brs 3"s, 2"5.ap
c 80.3 5.48 0.55H, brs 2"cap
D 77.9 5.810.29H, brs 3"p, 2"bap
3" A 74.3 4.47 0.08H, m 1" 2"nap
B 73.8 4.44 0.08H, m 1"s,2"sap
c 70.3 4.070.55, m 1", 4", 2"cap
D 68.49 4.290.29H, m 1"p, 5"p-abs 2"p-ap
3 73.9 4.64 1H, m 1',5' 4,5,
5" c 69.6 a 3.94 0.55H, m 1", 3"¢
b 3.790.55H, m 1"
D 66.1 a 3.840.29H, m 1", 4",
b 3.76 0.29H, m 1",
A 64.7 a 3.70 0.08H, m 4",
b 3.650.08H, m 4",
B 63.9 a 3.69 0.08H, m 4"
b 3.64 0.08H, m 4"
5' 64.4 a 3.831H, m 4,3 4,3
b 3.771H, m 4 4
2' 41.7 a 2.80 1H, m 4,13 1, 4'
b 2.55 1H, m 4,3 1, 4'
2" B 416 a 2.66 0.08H, m 4", 3" 1"g, 3"s
b 2.16 0.08H, m 4", 3" 1"g, 3"s
A 41.6 a 2.390.08H, m 3" 1"5 3"A
b 2.330.08H, m 1" 1" 3"a
D 37.1 a 2.240.29H, m 3" 1", 3"
b 2.080.29H, m 1" 1"p, 3"
C 35.6 a 2.130.55H, m 4", 3"c 1", 3", 4"¢
b 2.07 0.55H, m 1", 4", 3"¢ 1"¢, 3", 4"¢
N6 A 106.5 PAINY
B 105
D 102 2"pp
C 100.5 2"cap

* Overlapped by a larger peak

Table 1. NMR correlations for compound 5 taken in deuterium oxide.
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Table 2
Position  Isomer [ 6y () in Hz) HMBC TOCSY EXSY NOSEY
6 153.8
2 152.6 8.27 1H, brs 6
4 149.4
8 140.6 8.40 1H, s 4,5,1'
5 120.2
N6 AC 8.150.46H, brs 2" 6, 1"
B,D *8.27 0.39H, brs 2"0 180
4 88.4 3.88 1H, m 1',3', 2", 1',3"-OH, 5-OH, 3',5',
3" AC 86.9 3.680.4H, m 1"c 1" 2",p
B,D 67.9 3.850.5H, m Ve
OH 5.09 1H 2".6,3"p
1' 84.4 6.36 1H, t (6.9) 8,4,4,3' 3, 2%
1" A 84.2 6.26 0.1H, brs N64, 2", 1"c
B 80.6 6.05 0.2, brs N6g, 3"s, 2"ap 1"p
C 79.4 5.83 0.3H, brs N6a, 4", 2".p 1"ap
D 75.5 5.63 0.4H, brs N6g, 3"0, 220 1" ¢
4" D 71.7 4.16 0.4H, m 2"p
AB 67.3 4.09 0.3H, brs
C 66.9 3.970.3H, m 3", 5"ab 2" 1"¢
OH 4.62 1H 4", 2", 4"
3 713 440 1H, m 1',4', 5, 1',3"-0H, 4',5',p, 2'ap
OH 5.30 1H 4,32, 1,3, 4,2,
5" D,B 65.7 a 3.48 0.6H, m 4"y
b 3.410.6H, m 1 eo
CA 64.9 a **3.61 0.4H, m 4", 5"ap, 3" e
b **3.510.4H,m 4",
OH 5.011H 4"
5' 62.2 a 3.611H, m 4',3' 5'-OH, 4'
b 3.521H, m 4',3' 5'-OH, 4'
OH 5.14 1H 5'ap 4
2' 40.1 a 2.711H, 1',3' 1', 32"
b 2.27 1H, 4,3 1,32,
2" A,B,C,.D 37.1 a 2.02 1H, brm 3" N6ags, 1"apcd 3"0, 2"
34.4 b 1.801H, m 1"y, 3" N6ag, 1"abcd 3"p, 2"a

* Overlapped by another peak. See supporting information for D,0 exchange. **Overlapped by 5' signal

Table 2. NMR correlations for compound 5 taken in DMSO(d6).
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confirmed that the multiple resonances reflected that the 2-deoxyribose adduct was
present as an equilibrium mixture of isomers. For example, the H1" signals from 5.6-6.3
ppm are a dynamic isomeric mixture of four separate signals (Figure 1).

Figure 1

ppm

—6.0

—6.5

6.4 | 6.2 | 610 | 5.8 5!6 | 514 ppm
Figure 1. EXSY of the H1" region for compound 5. The correlations between isomers of
5 can be seen by contours shown at the intersecting lines between signals for the H1"
protons, indicating a dynamic equilibrium between all four isomers.

This product has the potential to exist as either an ring-opened imine or a cyclic
hydroxyalkylhemiaminal; however, observation that the C1" chemical shifts fall in the
range of 75-85 ppm was consistent with the cyclic structures 5.'* The C4" chemical shift
of 69 ppm'* and correlations between the C5" hydrogens and the C1" carbon in the
HMBC experiment provided evidence that the major isomer is in the pyranose form. The
NMR data provided no evidence for imine, carbinolamine, or enamine functional groups
in the product. The major isomer showed a strong NOE cross-peak between the H1”” and

5

H3”, consistent with the a-isomer.”> The ratio of isomers in water was found to be
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55:29:8:8 (Figure S10) which is similar to the ratio of isomers reported for unsubstituted

2'-deoxy sugars.?®

Figure 2
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Figure 2. NOESY of the H1" region of compound 5. The correlations between the 3" and
1" protons indicate that these are both axial and represent a-anomers in peaks 1" B and D
while the 1" A and C peaks lack this correlation and represent 3-anomers.

The NMR data provided evidence that the anomeric carbon of the 2-deoxyribose
adduct was attached at the exocyclic N®-amino group of the 2'-deoxyadenosine unit. For
example, an >N-HMBC experiment revealed three-bond coupling between the N°-
nitrogen and the H2" protons of the 2-deoxyribose adduct (Figure 3). Furthermore, the
TOCSY spectra showed that the N°-H, the H1", and H2" protons reside in the same spin
system (Figure 4 and S11). All other chemical shift assignments are shown in Tables 1
and 2 and were assigned using DEPT, HMQC, HMBC and TOCSY spectra (S2-S11).

Overall the NMR analysis established that the reaction of dA with 2-deoxyribose

provided the desired cross-link remnant 5.
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Figure 3
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Figure 3. °N-HMBC of the H2" region of compound 5. The correlations between the N°
of dA and H2" of dR can be seen by contours shown at the intersecting lines between
signals for the N°® and H2" protons, indicating a 2-3 bond distance between these two
atoms.

Figure 4
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Figure 4. TOCSY of the NC-H correlations with H1" protons for compound 5. The
correlations between the N°-H of dA and H1" of dR can be seen by contours shown at the
intersecting lines between signals for the N®-H and H1" protons, indicating these protons
are in the same spin network and not disrupted by the purine ring system.
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2.3 Stability of the dA-dR cross-link remnant 5 and the dA-Ap cross-link in duplex
DNA

Before endeavoring to use the synthetic cross-link remnant 5 as an analytical
standard, we examined the chemical stability of this material. The structure 5 can be
classified as an N-aryl glycosylamine. Compounds of this type can undergo hydrolytic
decomposition to generate the free sugar and the unmodified arylamine.””*® We used
HPLC analysis to examine the stability of 5 in sodium phosphate buffer (50 mM, pH 7) at
both 37 °C and 75 °C. First, we noted that all four isomers of 5 detected in the NMR
experiments were resolved in the reverse-phase HPLC chromatogram (Figure 5). We
found that the synthetic cross-link remnant 5 was remarkably stable, decomposing to

release unmodified dA with a half-life of 65 d at 37 °C and 3 d at 75 °C (Figure 6).
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Figure 5
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Figure 5. HPLC chromatogram panels for the dissociation of compound 5 at 75°C in 20
mM sodium phosphate (pH 7.0). Peak 1 is deoxyadenosine, peaks 2 and 4 are major
isomers of compound (5) while peaks 3 and 5 are minor isomers of compound (5). K37ec =
4.39+0.001 h™, kysec = 6.477 +0.0003° h, E,= 74.00 kJ/mol.
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Figure 6
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Time (h)

Figure 6. Plot of the concentration of compound 5 (red diamonds) at 75°C into dR and
dA (blue circles) which was determined by the HPLC absorbance peaks (250 nm). Solid
line represents the first order rate equation using ks-c = 6.47°+ 0.0003° has the
dissociation rate of compound 5 into dA and dR, which is the rate constant determined by
non-linear regression analysis.

We also monitored the stability of the dA-Ap cross-link embedded within two
DNA duplexes (Figure 7). The 5'-**P-radiolabeled, cross-linked duplexes A and B were
prepared as described previously,”' gel purified, and then redissolved in HEPES buffer
(50 mM, pH 7) containing NaCl (100 mM) at 37 °C. At various times, aliquots were
removed, frozen, and later subjected to analysis by denaturing polyacrylamide gel
electrophoresis. The cross-linked duplexes A and B are quite stable, displaying half-lives
of 66 and 85 h, respectively (Figures S20 and 21). In a separate experiment, the amount
of remaining cross-linked duplex A and B was monitored after incubation for 96 h at 22
°C in three different buffers with pH values of 7, 5 or 9. At pH 5 25% and 40%
dissociation of cross-linked duplexes A and B into the component single strands was

observed. No dissociation of the cross-linked duplexes A and B was observed over the

course of 96 h at 22 °C at pH 7 or 9 (Figure S22).
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Figure 7
5'-ATAGATGAACAPTAGACATATA
A 3'-TATCTACTTG A ATCTGTATAT
B 5'-TTATACAATGApPTGTTCTAATT

3'-AATATGTTACA ACAAGATTAA

5'-TTATACAATGAPTGTTCTAATT

¢ 3'-CGATAAATATGTTACA ACAAGATTAA

Figure 7. Oligonucleotide sequences used for enzymatic digestion and LC-MS/MS
analysis and comparison of isomers within duplex DNA. The Ap-containing duplexes
were generated from the corresponding dU-containing duplexes after treatment with the
enzyme UDG. The major cross-linking sites are indicated with a (red \).
2.4 Evidence That Enzymatic Digestion of Duplex DNA Containing the dA-Ap
Cross-link Releases the Cross-link Remnant 5

With a synthetic standard of the putative dA-Ap cross-link remnant in hand, we
set out to use LC-MS/MS analysis to determine whether this material matched the
material released from cross-linked DNA by enzymatic digestion.?X We have previously
reported the characterization of the dA-Ap cross-link in two different DNA duplexes A
and B. These cross-linked duplexes (lacking the 5'-*2P-label) were prepared, gel purified
and treated with a four enzyme cocktail of nuclease P1, phosphodiesterase I, alkaline
phosphatase and phosphodiesterase Il to release the cross-link remnant as previously
described.’® A separate control experiment showed that the synthetic standard 5 was
stable under the digest conditions (Figure S18). The digested oligonucleotide mixtures
and the synthetic material 5 were analyzed by LC-MS monitoring the m/z 368->252
transition and LC-MS/MS/MS monitoring the m/z 252->136 transition. The first

transition is consistent with the loss of the 2-deoxyribose adduct from N°-dA of the cross-

link remnant, while the second transition corresponds to the loss of 2-deoxyribose from
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the dA fragment. Again, multiple peaks displaying these transitions were observed
consistent with an equilibrium mixture composed of the a-pyranose, B-pyranose, o-
furanose, and B-furanose isomers. Importantly, the retention times and fragmentation
pattern of the synthetic material 5 matched that of the remnant released by enzymatic

digestion of the cross-linked duplexes A and B (Figure 8 and S19).

Figure 8
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Figure 8. LC-MS/MS of the synthetic standard 5 and the enzymatically digested cross-
linked duplex B. Panels A and B are for the synthetic nucleoside 5, while panels C and D
are for duplex B. Panels A and C are the chromatograms obtained for the first transition
of 368>252. Panels B and D are the chromatograms obtained for the second transition of
252->136.
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2.5 Chemical Reduction of the Cross-link Remnant 5

As shown in Schemes 1 and 2, the dA-Ap cross-link is an imine-derived lesion.
While the NMR analysis above provided evidence that the synthetic cross-link remnant 5
exists predominantly in the ring-closed form, this material presumably exists in
equilibrium with the small amounts of the imine isomer. Hydrolytic decomposition of 5
likely proceeds via attack of water on the presumed imine intermediate. Other imine and
cyclic imine-derived adducts have been stabilized by hydride reduction with reagents

132939 50 we examined the reduction of the cross-link

such as sodium cyanoborohydride,
remnant 5. Interestingly, we were not able to detect reduction of the nucleoside 5 after
using common water-compatible hydride donors (sodium borohydride, sodium
cyanoborohydride or sodium triacetoxyborohydride). Various solvent mixtures
(methanol, water and acetic acid), pH values (3-7), and amounts of hydride donor (10-
1000 equiv) and no new product could be detected by TLC, NMR or HPLC analysis. It
is possible that, with this material in the stable pyranose form, there is not enough of the
imine 5 available for reduction. This idea is in line with the observation that the amount
of free, ring-opened aldehyde can dictate the reactivity of aldoses.* To probe this idea
we synthesized an analog 7 of the cross-link remnant that cannot access the pyranose
isomer due to protection of the 5 and 3’-hydroxyl groups of the 2-deoxyribose adduct.
(Figures S12-14). We found that compound 7 (0.05 mM) can be converted to the
reduced form 8 in 40% yield in acetic acid (0.12 mM) in dry methanol at 40°C in the
presence of NaBH, (4.8 mM) for 68 h (Scheme 3, and Figures S15-17). Slow reductive
amination has been observed for other imine adducts in DNA, including some

formaldehyde adducts with dA and also Fappy-dG lesions.***
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2.6 Isomers of dA-Ap cross-links within duplex DNA

During PAGE analysis of dA-Ap cross-links within duplex B two closely
migrating bands were seen in the cross-linking region. It is known that bent duplex
structures, due to A/T tracts in kinetoplast DNA, can lead to noticeable changes in gel
mobility.®* Therefore, it is reasonable that isomers of cross-linked DNA may present
with a gel mobility shift as well and because multiple isomers were observed in the
dinucleotide remnant described above we believed there was a possibility that isomers
also exist when the cross-link exist in a duplex. To study the putative isomers we used
duplex C with a 3'-tail on the complementary strand, which enhanced the difference in
gel mobility for the two bands. After separating the two bands by PAGE they were
excised, desalted and resuspended in buffer. After resuspension aliquots were removed,
frozen and later separated by a second PAGE (Figure 9). The second gel analysis showed
no single strand or cleavage bands and after 24 hours both of the isolated bands had re-
equilibrated to the same ratios (Figure 10). This experiment demonstrates the two bands
can quickly re-equilibrated without completely dissociating into single stranded oligos,
which is consistent with the existence of isomeric forms of the same lesion. Based on
previous stability studies the two isomers are likely a/B-anomers because isomers with
imine or carbinolamine structures would decompose quickly in water. To probe the
structure further, altered pH and enzymatic treatments were introduced to the cross-
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linking bands (Figure 11). Endonuclease IV was used on the cross-link mixture because it
is an enzyme shown to remove a-nucleotides.®**® The results indicate there is a pH
dependence of the ratio of isomers, but they cannot be processed by Endo 1V. A lack of
processivity by Endo IV may not be surprising, as the lesion is actually an interstrand
cross-link and would not be recognized as a simple a-nucleotide. Overall, the stability
and a fast re-equilibration which does not require dissociation to single stranded oligos is
consistent with a/p-anomers of an interstrand cyclic-hydroxyalkylhemiaminal cross-link,
which is the same structure of the synthetic dinucleotide remnant 5.

Figure 9
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Figure 9. Isolation and re-equilibration of the top and bottom isomers from duplex C.
After isolation the isomers were resuspended in 50 mM HEPES (pH 7.0) and 100 mM
NaCl at 37°C. After resuspending in buffer aliquots were removed at 0, 4, 8 and 24 hours
for the top isomer and 0, 2, 4, 8 and 24 hours for the top isomer and separated by PAGE.
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Figure 10
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Figure 10. Isolation and re-equilibration of the top and bottom isomers from duplex C.
After isolation the isomers were resuspended in 50 mM HEPES (pH 7.0) and 100 mM
NaCl at 37°C. After resuspending in buffer aliquots were removed at 0, 4, 8 and 24 hours
for the top isomer and 0, 2, 4, 8 and 24 hours for the top isomer. After 24 hours both
isolated bands have re-equilibrated to the same ratio of double bands.

Figure 11
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Figure 11. Formation and treatment of the putative isomers at varied pH and with
Endonuclease V. Samples were incubated at 37°C with 100 mM NaCl for 120 hours in
either 16.5 mM sodium phosphate/ 1.8 mM citrate (pH 7.0), 10.3 mM sodium phosphate/
4.9 mM citrate (pH 5.0) or in 19.5 mM sodium phosphate/ 0.3 mM citrate (pH 8.0).
Additionally pH 7.0 incubations were treated with either 20 unites of endonuclease for 1
hour (Endo 1V) or 40 units for 2 hours (Endo 1V+).
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2.7 Conclusions

Here we have described the synthesis of the cross-link remnant 5. Complete
structural characterization and stability of 5 were obtained through various spectroscopic
methods. EXSY shows a dynamic mixture of four isomers, which is consistent with the
expected pyranose/furanose cyclic hydroxyalkylhemiaminal anomers. Additionally, "*N-
HMBC and TOCSY data indicated the site of dR-dA attachment is between the C' of dR
with the N°-H of dA. HPLC traces show 5 to be remarkably stable in buffered solution,
even at temperatures as high as 75°C. Analysis by LC-MS indicates that enzymatically
digested DNA will afford the same structure as the synthetic compound 5. PAGE
analysis of the isomers from within duplex DNA indicate that it exist in a similar cyclic-
hydroxyalkylhemiaminal structure as that of 5. Knowledge about the exact structure of
this cross-link will help explain its biological function including toxicity and the ability
of a cell to repair this type of damage. The stability of 5 will make future isolation and
detection easier, as harsher conditions and longer experimental run times will be
available while still leaving intact cross-link, even from in vivo systems. It will be
important to detect native levels of dA-Ap cross-links from repair proficient/deficient
cells and also study the repair process for these lesions as these steps could lead to

understanding of their persistence and mutagenic capabilities within living organisms.

2.8 Materials and Methods

Oligonucleotides were purchased from Integrated DNA Technologies. Uracil-DNA
Glycosylase (5000 units/ml) and UDG buffer were purchased from New England Biolabs.

2’-deoxyadenosine (dA) monohydrate was purchased from Tokyo Chemical Industry Co.,
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Ltd. 2-deoxy-D-ribose (99%) was purchased from Sigma-Aldrich. All other reagents used
were purchased from Acros Organics in reagent grade. Methanol, Dichloromethane, and
H,O were purchased from Fisher in HPLC grade. Column chromatography was performed
on silica gel 60 (Sigma-Aldrich) under positive pressure. Glass-backed TLC plates with a
254-nm fluorescent indicator were purchased from Sigma-Aldrich and stored over
desiccant. Developed TLC plates were visualized under a 254-nm UV lamp or by TLC
staining with a 1% KMnO, solution.  'H and *C NMR spectra along with the
corresponding 2D experiments were generated on a Bruker Advance 800 MHz at 298°K
using DMSO(d6) or D,O (Cambridge Isotope Laboratories, Inc.) as solvents. UV-
absorbance data was collected using a Hewlett Packard spectrophotometer. HPLC data was
gathered using an Agilent 1100 series with binary pump, auto-injector and photo-diode
array. Separations were achieved with a Varian Microsorb-MV C18 (250 x 4.6 mm)
column. HPLC data analysis was performed by Chemstation for LC software Rev. A.08.03

[847] 1990-2000, followed by manual peak selection.

Preparation of Cross-linked DNA Duplexes. 2’-deoxyoligonucleotides were prepared
by standard procedures for annealing, abasic site formation and precipitation. Duplexes
A and B (40 pl each at 100 pmol/ul) were individually combined with H,O, NaCl (100
mM) and MOPS buffer (25 mM, pH 7) to give three 150-ul solutions. The duplexes were
annealed to 3 molar equivalents of their respective complement by incubation at 95°C for
5 minutes, followed by cooling to room temperature overnight in an insulated container.
Ap sites were generated by incubation at 37°C for 2 hours in the presence of UDG
enzyme at a total concentration of 400 units/ml (30 ul UDG buffer, 96 ul H,O, and 4 pl

UDG added to solutions of annealed A and B). Following incubation, UDG enzyme was
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removed by phenol/chloroform extraction. The aqueous layers were pipetted off and
mixed with 10% aqueous volume of 3M sodium acetate buffer (pH 5.2) and followed by
5 volume equivalents of absolute ethanol, cooled in dry ice (20 min.), and centrifuged for
30 minutes at 5°C to precipitate the DNA. The pellets were washed twice with 180 ul
80% ethanol in H,O and then resuspended in 100 ul H,O. Cross-link formation was
achieved by incubation at 37°C for 120 hours in a buffered solution of HEPES (50 mM,
pH 7.0) containing NaCl (100 mM). After the incubation time all samples were
precipitated as previously described and loaded on a 2mm thick, 20% denaturing
polyacrylamide gel which was ran at 200V for 4 hours. The slow moving cross-link band
was visualized by UV-shadowing and excised from the gel. Oligonucleotide was eluted
from the gel slice using 1 ml of a 200 mM NaCl, 1 mM EDTA solution (pH 8) and
vortexing for 1 hour. The eluted sample was filtered, precipitated once again, as

previously mentioned, and stored at -20°C.

Enzymatic digestion. Duplex A and B were digested using a 4-enzyme cocktail
following the conditions described previously. Briefly, nuclease P1 (5 U),
phosphodiesterase 2 (0.01 U), EHNA (20 nmol) and a 50-uL solution containing 300 mM
sodium acetate (pH 5.6) and 10 mM zinc chloride were added to 300 pmol of duplex H in
a final volume of 500 pL. In this context, EHNA served as an inhibitor for deamination
of 2’-deoxyadenosine (dA) to 2'-deoxyinosine (dl) induced by adenine deaminase. The
resulting mixture was incubated at 37°C for 48 h. To the digestion mixture were then
added alkaline phosphatase (10 U), phosphodiesterase 1 (0.005 U) and 100 pL of 0.5 M
Tris-HCI buffer (pH 8.9). The digestion was continued at 37°C for 2 h. Digestion with

nuclease P1 alone was performed following previously published procedures, where 0.2
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unit of nuclease P1 (0.2 U) was added to 300 pmol of duplex H in a 500 uL. water
solution. The resulting mixture was incubated at 37°C for 2 h. The above enzymatic
digestion mixture was extracted with chloroform to remove enzymes, and the aqueous
layer was dried on a Speed-vac, reconstituted in water, and subjected to LC-MS/MS

analyses.

N%-(2-deoxy-D-ribos-1-yl)-2’-deoxyadenosine (5). 2’-deoxyadenosine monohydrate
(154 mg, 0.57 mmol) and 2’-deoxy-D-ribose (351 mg, 2.62 mmol) were dissolved in 300
ul glacial acetic acid and 700 pl methanol. The reaction was left in a 37°C oven for 72
hours. The resulting mixture was dried under reduced pressure and purified by column
chromatography; using a gradient from 5-12% methanol in dichloromethane. The
fractions containing product were combined, dried under reduced pressure and subjected
to three cycles of adding 2 ml chloroform and rotary evaporation to yield 115 mg (54%
yield) of 5 as a white powder. *H NMR (800 MHz, D,0) & 8.29 (0.63H, s, H8), 8.29
(0.29 H, s, H8), 8.28 (0.08H, s, H8), 8.26 (0.29H, s, H2), 8.25 (0.55H, s, H2), 8.25
(0.08H, s, H2), 8.24 (0.08H, s, H2), 6.43 (1H, t, J=6.9 Hz, dR1), 6.28 (0.08H, brs, H1"),
6.21 (0.08H, brs, H1"’), 5.81 (0.29H, brs, H1**), 5.48 (0.55H, brs, H1>), 4.64 (1H, m,
H3’), 4.47 (0.08H, m, H3""), 4.44 (0.08H, m, H3""), 4.29 (0.29H, m, H3*), 4.17 (1H, m,
H4’), 4.10 (0.08H, m, H4>’), 4.07 (0.55H, m, H3”’), 4.02 (0.08H, m, H4’), 3.94 (0.55H,
m, H5"’), 3.90 (0.84H, m, H4’*), 3.84 (0.29H, m, H5"), 3.83 (1H, m, H5"), 3.79 (0.55H,
m, H5”), 3.77 (1H, m, H5"), 3.76 (0.29H, m, H5""), 3.70 (0.08H, m, H5""), 3.69 (0.08H,
m, H5"’), 3.65 (0.08H, m, H5""), 3.64 (0.08H, m, H5°*), 2.80 (1H, m, H2"), 2.66 (0.08H,
m, H2""), 2.55 (1H, m, H2”), 2.39 (0.08H, m, H2""), 2.33 (0.08H, m, H2""), 2.24 (0.29H,

m, H2”), 2.16 (0.08H, m, H2”), 2.13 (0.55H, m, H2’"), 2.08 (0.29H, m, H2”), 2.07
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(0.55H, m, H2’*). 3C NMR (200 MHz, D,0) § 156.1 (C6), 156.0 (C6), 155.9 (C6), 154.9
(C2), 154.8 (C2), 154.8 (C2), 154.7 (C2), 151.3 (C4), 143.5 (C8), 143.3 (C8), 122.2 (C5),
122.1 (C5), 122.0 (C5), 90.1 (C4), 90.1 (C4’), 88.6 (C4”"), 87.9 (C4>), 87.4 (C1°), 87.3
(C1°), 88.6 (C1”°), 80.3 (C1”), 77.9 (C1”’), 74.3 (C3”), 73.9 (C3*), 73.8 (C3°*), 70.3
(C3”), 69.6 (C5°"), 69.3 (C4°), 69.2 (C4>), 68.5 (C3”°), 66.1 (C5°*), 64.7 (C5”), 64.4

(C5°),63.9(C5),41.7(C27),41.7 (C2’),41.6 (C27’), 37.1 (C2°), 35.6 (C2”°).

3,5-bis-O-methyl-2-deoxy-D-ribofuranose (6). 2.00 g (14.9 mmol) 2-deoxy-D-ribose
was dissolved in 80 ml methanol and cooled to 0°C. Concentrated HCI (40 pl; 0.05% v/v)
was added to the flask by syringe and the mixture was stirred for 1 hour while warming
to room temperature, after which the starting material had disappeared on TLC. The
reaction was quenched by the addition of 300 mg (1.1 mmol) Ag,CO3 and the resulting
precipitate was removed by filtration. Evaporation of the filtrate gave a yellow oil, which
was redissolved in 32 ml freshly distilled THF. The solution was cooled to 0°C before
gradual addition of 1.60 g (40 mmol) NaH (60% emulsion) in 4 portions, followed by
injection of 2.5 ml (40 mmol) Mel in 250-ul portions. After stirring for 2 hours at
ambient temperature, the reaction was stopped by the addition of 5 ml methanol and
decantation into 50 ml ice water. The aqueous mixture was extracted with CH,Cl, (3 x 35
ml), and the extract washed with H,O (50 ml), dried (Na,SO,) and evaporated to a yellow
oil. The product was purified by column chromatography (4:1 hexane/ethyl acetate; R¢ =
0.39, 0.27) to give a colorless liquid. The liquid was dissolved in 50 ml 0.01M HCI (aq.)
and refluxed for 1 hour, after which the crude was neutralized with 1.5 g (5.4 mmol)

AQ,COg, filtered and evaporated to a grey residue. The residue was triturated in CH,Cl,,
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then filtered again to remove residual solids. Evaporation of the filtrate gave a yellow oil,
which was column chromatographed (1:1 hexane/ethyl acetate; Ry = 0.25) to afford 1.49
g (62% overall) of 6 as a colorless oil: *H NMR (500 MHz, CDCls) & 5.53-5.48 (0.44H,
m, H1), 5.46-5.41 (0.56H, m, H1), 4.29 (0.56H, ddd, J = 4.8, 4.8, 1.8, H4), 4.20 (0.44H,
d, J = 7.5, C1-OH), 4.06 (0.44H, g, J = 3.8, H4), 3.97-3.92 (0.44H, m, H3), 3.83-3.74
(0.88H, m, C1-OH, H3), 3.48 (0.56H, dd, J = 10.8, 3.8, H5a), 3.44 (0.56H, dd, J = 9.8,
4.3, H5b), 3.39-3.31 (2.24H, m, H5a, O-CHs), 3.31-3.26 (3.56H, m, H5h, O-CHj3), 3.23
(1.32H, s O-CH3), 2.18-2.08 (0.88H, m, H2), 2.07-2.01 (1.12H, m, H2) ); *C NMR (126
MHz, CDClg) & 99.0 (C1), 98.9 (C1), 82.4 (C4), 82.0 (C3), 81.8 (C4), 81.7 (C3), 74.1
(C5), 72.9 (C5), 59.2, 59.1, 56.9, 56.7 (O-CHj3), 40.7, 38.5 (C2).

N®-[3,5-bis-O-methyl-2-deoxy-D-ribofuranos-1-yl]-2°-deoxyadenosine (7). 100 mg 2’-
deoxyadenosine (0.40 mmol) and 263 mg 1 (1.62 mmol) were dissolved in 2 mL of a 1:1
mixture of 25mM ammonium phosphate buffer (pH 7) and DMSO. The mixture was
stirred at 37°C for 9 days, then evaporated to a yellow oil. Purification by column
chromatography (0-5% MeOH in CH,Cl,) gave 22 mg (14%) of 7 as a colorless oil: *H
NMR (500 MHz, DMSO-dg) & 8.45-8.39 (1H, m, H8), 8.35-8.00 (1.5H, m, H2, N%*H),
7.55 (0.5H, brs, N’-H), 6.40-6.33 (1H, m, H1"), 6.24 (1H, brs, H1), 5.35 (1H, brs, 3’-
OH), 5.23-5.08 (1H, m, 5°-OH), 4.41 (1H, brs, H3’), 4.07 (0.5H, q, J = 4.3, H4""), 3.94-
3.89 (0.5H, m, H4>"), 3.89-3.85 (1H, m, H4"), 3.85-3.81 (1H, m, H3""), 3.64-3.58 (1H, m,
H5a%), 3.55-3.48 (1H, m, H5b), 3.36-3.30 (3.5H, m, H5”’, O-CHs), 3.26 (1.5H, s, O-
CHs), 3.25 (1.5H, s, O-CHg), 3.24 (1.5H, s, O-CHj3), 2.71 (1H, ddd, J = 13.4, 6.6, 6.6,
H2a%), 2.43-2.33 (0.5H, m, H2a’"), 2.33-2.22 (1.5H, m, H2b’, H2a’"), 2.20-2.08 (1H, m,

H2b’); 3C NMR (126 MHz, DMSO-dg) & 153.5 (C6), 152.1 (C2), 149.1 (C4), 140.3,
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140.1 (C8), 119.6 (C5), 88.0 (C4°), 83.8 (C17), 81.7 (C3°), 81.5 (C3”’), 80.9 (C4>"), 80.6
(C4>, C1°%), 73.3, 72.8 (C5”"), 70.8 (C3), 61.8, 61.7 (C5°), 58.5, 56.8, 56.0 (O-CHs),
39.4, (C2), 35.8 (C2”).

N®-[1-deoxo-2-deoxy-3,5-bis-O-methyl-D-ribofuranos-1-yl]-2’-deoxyadenosine  (8).
Compound 7 (18 mg, 0.05 mmol), NaBH3CN (100 mg, 1.6mmol) and acetic acid (25 ul,
0.4 mmol) were dissolved in 5 ml dry methanol. The mixture was warmed to 40°C and
stirred for 48 hr, after which additional portions of NaBH3;CN and acetic acid were added
(200 mg and 50 ul, respectively). After a total time of 68 hr, the reaction was quenched
by addition of 5 ml sat. ag. Na,COs. The suspension was evaporated to dryness,
redissolved in methanol, then filtered and evaporated again to give a colorless oil. The
crude oil was purified by column chromatography, eluting first with 100% ethyl acetate
(Rf = 0.00), then with 10% methanol in CH,Cl, (R¢ = 0.21) to afford 8 mg (44%) of 8 as a
colorless oil: *H NMR (500 MHz, DMSO-ds) 5 8.32 (1H, s, HS), 8.20 (1H, s, H2), 7.80
(1H, brs, N-H), 6.34 (1H, dd, ] = 7.5, 6.5, H1"), 5.31 (1H, d, J = 3, 3’-OH), 5.25 (1H, t, J
= 5.25, 5°-OH), 4.81 (1H, brs, 4”’-OH), 4.43-4.38 (1H, m, H3’), 3.88 (1H, q, J = 3.3,
H4’), 3.67-3.59 (2H, m, H4"’, H52’), 3.59-3.48 (3H, m H1”’, H5b’), 3.37-3.31 (1H, m,
H52’"), 3.29 (3H, s, O-CHj), 3.28-3.25 (1H, m, H5b**), 3.23 (3H, s, O-CHj) 3.22-3.18
(1H, m, H3°*), 2.72 (1H, ddd, J = 13.1, 6.6, 6.6, H2a’), 2.25 (1H, ddd, J = 13.1, 6.1, 2.6,
H2b%), 1.90-1.81 (1H, m, H2a”), 1.77-1.66 (1H, m, H2b”"); *C NMR (126 MHz,
DMSO-dg) & 154.6 (C6), 152.4 (C2), 148.0 (C4), 139.3 (C8), 119.7 (C5), 88.0 (C4’), 84.0
(C1°), 79.8 (C3%), 74.0 (C5”), 71.0 (C3°), 70.2 (C4>"), 61.9 (C5°), 58.3, 57.3 (O-CH3),

39.4 (C2), 36.8 (C17°), 29.6 (C2”).
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HPLC analysis for the dissociation of 5. 8 ml of a 5 mM solution of compound 5 was
prepared in 100 mM phosphate buffer (pH 7.0). The solution was left at 37°C and 300 pL
aliquots were taken out a specific time points to be analyzed by HPLC. Solvents used
were water (A) and acetonitrile (B). The following method was used; from 0-5 min 0%
B, 5-50 min a gradient of 0-18% B, 50-55 min a gradient of 18-0% B and from 55-60 min
0% B. The eluent was monitored at 250 nm and the absorbance peaks were integrated and

reported by the Chemstation software.
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2.9 Supporting Information

Figure S1
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Figure S1. Panel A: UV absorption spectra for 25 uM 2’-deoxyadenosine and 25 puM of
compound 5 taken in water. Panel B: difference spectra subtracting the spectra of dA

from 5. Molar absorptivity calculated for 260 nm: gga = 13,200 L/(mol-cm), &5 = 18,400
L/(mol-cm).
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Figure S2
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Figure S2. 'H-NMR of compound 5 taken in deuterium oxide at 800 MHz.
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Figure S3. *C-NMR of compound 5 taken in deuterium oxide at 200 MHz.
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Figure S4. *C DEPT-NMR of compound 5 taken in deuterium oxide at 200 MHz.
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Figure S5
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Figure S5. "H-NMR of compound 5 taken in DMSO(d6) at 800 MHz.
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Figure S6
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Figure S$6. *C-NMR of compound 5 taken in DMSO(d6) at 200 MHz.
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Figure S7. >N-HMBC of compound 5, taken in DMSO(d6).
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Figure S8. 'H-NMR in DMSO (left) and in DMSO with D,O exchange (right) of the N°
protons of compound 5. The H? proton of dA overlaps one isomer, however after D,O
exchange the integration is lowered by one proton and the second peak seen correlating in
the >°N-HMBC and TOCSY NMR disappears.
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Figure S9
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Figure S9. HMQC of the dRH* and dRH* " region of compound 5 taken in deuterium
oxide.
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Figure S10
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Figure S10. HMQC of the dR1’’H region of compound 5 taken in deuterium oxide.
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Figure S11. TOCSY of the N®-H correlations with dRH?" of compound 5 taken in
DMSO(d6).
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Figure S12. 'H-NMR of 7 in DMSO(d6) .
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Figure S13
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Figure S13. *C-NMR of 7 in DMSO(d6) .
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Figure S14. . Selected region of *H-'H COSY spectrum of compound 7. The crosspeaks
shown represent homonuclear 3-bond correlations between the exocyclic N°-H of dA and
H1”’ of the attached 2-deoxyribose moiety.
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Figure S15. 'H-NMR of 8 in DMSO(d6) .
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Figure $16. *C-NMR of 8 in DMSO(d6) .
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Figure S17. Selected region of *H-'H COSY spectrum of compound 8. The crosspeak
shown represents the homonuclear 3-bond correlation between the exocyclic N°-H of dA
and H1”’ of the reduced 2-deoxyribose moiety.
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Figure S18
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Figure S18. Dissociation of compound 5 during the conditions used to enzymatically
digest duplex A and B. The conditions for pH 5.6 were 30 mM sodium acetate (pH 5.6),
40 uM EHNA (erythro-9-(2-hydroxy-3-nonyl)adenine), 1 mM zinc chloride and 1 mM
5. The pH 8.9 conditions were the same as the pH 5.6 conditions except with the addition
of Tris-HCI to a final concentration of 100 mM (pH 8.9). The dissociation was measure
by the HPLC method described in the experimental section of this paper.
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Figure S19
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Figure S19. LC-MS/MS of the synthetic standard 5 and the enzymatically digested cross-
linked duplex A. Panels A and B are for the synthetic nucleoside 5, while panels C and D
are for duplex A. Panels A and C are the chromatograms obtained for the first transition
of 368->252. Panels B and D are the chromatograms obtained for the second transition of

252->136.
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Figure S20
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Figure S20. Dissociation of the cross-link in 50 mM HEPES (pH 7.0) and 100 mM NacCl
at 37°C. Lanes 1-11 are duplex A and lanes 12-19 are duplex B. Lane 1 is the uracil
containing strand of duplex F1. Lane 2 is the Ap-site containing duplex F1. Lane 3 is the
piperidine treated Ap-containing duplex F1. 5 ul aliquots were taken, precipitated from
ethanol and immediately frozen at the following times: 0, 8, 24 hours and then 2, 5, 10,
15 and 21 days. Lanes 4-11 are increasing time points for duplex A, while lanes 12-19 are
increasing time points for duplex B. The time points were separated by polyacrylamide

gel electrophoresis and the density of each band was quantitatively measured by
phosphorimager analysis.
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Figure S21
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Figure S21. Dissociation of the cross-link in 50 mM HEPES (pH 7.0) and 100 mM NacCl
at 37°C. Red triangles are duplex B and blue diamonds are duplex A. Aliquots were
removed, immediately precipitated from ethanol and subsequently frozen. The solid line
represents the model data set using the following rates ke;= 8.227° h%, kgs= 1.0572 h™.
The half-lives of dissociation are 84.31 hour for duplex A and 65.57 hours for duplex B.
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Figure S22
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Figure S22. Cross-link was generated by incubating the Ap-containing duplexes at 37°C
for 120 hours, gel purifying and excising from the gel. Lanes 1-5 are duplex A and lanes
6-10 are duplex B. Purified cross-link was incubated was redissolved and incubated in the
following conditions. Lanes 1 and 6 had no incubation time. Lanes 2 and 7: 20 mM
sodium phosphate (pH 7.0), 100 mM NaCl at 22°C. Lanes 3 and 8: 20 mM sodium
phosphate (pH 7.0), 100 mM NacCl at 4°C. Lanes 4 and 9: 20 mM sodium acetate (pH
5.2), 100 mM NaCl at 22°C. Lanes 5 and 10: 13mM Tris, 4 mM boric acid (pH 9.2), 100
mM NaCl at 22°C. Incubations were done for 96 hours, separated by polyacrylamide gel
electrophoresis and the density of each band was quantitatively measured by
phosphorimager analysis.
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Chapter 3. Sequence effects and scope of DNA interstrand
cross-links formed between abasic sites and an opposing
adenine residue

3.1 Introduction

Organisms defective in NER pathways, which typically participate in the removal of
interstrand cross-links, display an enhanced rate of aging. Additionally it has been
observed that cell death and mutations arise from DNA interstrand cross-links.*” Most of
the previously studied cross-links occur after exposure to exogenous chemicals; however,
even in the absence of environmental toxins there are thousands of oxidative and
hydrolytic types of damage experienced by DNA.> One such form of endogenous DNA
damage may be interstrand cross-links formed between abasic (Ap) sites and an opposing
nucleobase within duplex DNA (Scheme 1). Our group has previously reported on cross-
links derived from the reaction of Ap-sites with either opposing deoxyguanosine or

deoxyadenosine residues in native duplexed DNA.2
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Ap-sites are generated in DNA after the glycosidic bond of a nucleoside is
broken. Breakage of this bond may occur by spontaneous hydrolysis, enzymatic removal
of  misincorporated/damaged  bases, or depurination after alkylation by
chemotherapeutics/toxins.**™* The chemical reactivity and stability of Ap-dG/dA cross-
links was characterized in our group’s previous work, however these properties were only
examined in a few sequences. In this study we expand the scope of Ap derived cross-
links to a multitude of sequences including native and non-native duplexes with varied
lengths and base compositions. The results show that Ap derived cross-links can form be
at many different sequences in 5'-CAp and 5-ApT. Additionally, the yield can be quite
high in some of these sequences. We have also demonstrated that dG-Ap and dA-Ap
cross-links can display several differences in rate, yield, gel mobility, reactivity with

hydride and sequence preference.
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3.2 Interstrand Cross-link Formation With an Opposing Deoxyguanosine Residue

Cross-links between an Ap-site and 2'-deoxyguanosine residue have been shown
to form preferentially in 5'-CAp sequences, which properly aligns the N? amino group for
imine formation with the Ap-site. Fellow Gates group member, Kevin Johnson, examined
several sequences which varied the flanking and opposing bases of this 5'-CAp core. The
oligonucleotides were 5'-*’P-labeled, separated by PAGE analysis and then the slow
moving cross-link band was quantified by densitometry image analysis. The presence of
NaCNBH; during the dG-Ap cross-link formation results in a reductive amination
reaction and improved cross-link yields. Reduction of imine adducts can increase stability
and also draw the products toward an irreversible amine-linkage."> ™’

First, we observed the effects of alternating the base opposing the Ap-site. The
opposing base might often be a dC residue because dG is known to be easily alkylated at
its N'7 position followed by depurination.” Alternately, a dA residue might occur due to
misincorporation of dU in the place of dT'%. An opposing dG or dT may occur less
frequently, but will likely occur after alkylation/depurination of dA or enzymatic removal
of a damaged dA/dC. Cross-link yields for duplexes which the opposing base was varied
are shown in Figure 1 and may demonstrate that the structure of an Ap-containing duplex
is affected by the opposing base. Pyrimidines opposing an abasic site have been shown to
cause a collapse of the local duplex structure and rotate the Ap-site out of the duplex,
where it would not be poised for cross-link formation, while purines may leave the
helical structure more B-like.'® The tendency toward a collapsed duplex in pyrimidine

opposed duplexes is consistent with these sequences producing lower yields of cross-link.
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Figure 1. Percent DNA cross-links using PAGE analysis from radio-labeled duplexes.
The base directly opposing the Ap-site was alternated in dG-Ap cross-linking sequences.
A-opposed 2.0 + 0.39%, G-opposed 1.0 £ 0.10%, T-opposed 0.4 = 0.10%, and C-opposed
0.4 £ 0.10%.

Modified duplexes were also examined including inosine, 2-aminopurine, 2,6-
diaminopurine and 5-methylcytosine bases. Non-native bases allow us to explore
different chemical reactivity than the canonical bases provide. The results for all
modified duplexes are shown in Figure 2. Inosine contains no exocyclic amino group
and therefore does not offer this position for imine formation; therefore it provided no
cross-link when in the dG cross-linking position. In contrast, 2-aminopurine and 2,6-
diaminopurine have exocyclic amino groups in the same position as dG, however they
produce much higher cross-link yields. Another sequence tested is a commonly seen

endogenous modification, 5-methylcytosine, which is found in CpG islands and is an

epigenetic modification of DNA.*?° The cross-link vyields are higher for 5-
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methylcytosine than for the un-methylated CpG island (Figure 3). The reduced yields
were very high for 5-methylcytosine, 2-aminopurine and 2,6-diaminopurine. In fact, all
of the Ap-dG cross-links showed a substantial increase in cross-link yield accompanied
by a small gel shift after reduction with sodium cyanoborohydride (Figure 3). Sequences
with very high reduced yields may be useful for synthesis of stable cross-links for

biological or structural studies.
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Figure 2. Percent DNA cross-links using PAGE analysis from radio-labeled duplexes.
The cross-linking base was modified with non-native bases in dG-Ap cross-linking
sequences. Inosine ND, 2-aminopurine 26.5 + 1.45%, 2,6-diaminopurine 5.7 = 0.70%,
and M°CpG 6.0 + 0.30%.
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Figure 3
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Figure 3. Percent DNA cross-links using PAGE analysis from radio-labeled duplexes.
Cross-links were formed with and without the addition of sodium cyanoborohydride to
promote reduction of the imine linkage in dG-Ap cross-linking sequences. Unreduced
yields A-opposed 2.0 = 0.39%, G-opposed 1.0 £ 0.10%, T-opposed 0.4 = 0.10%, C-
opposed 0.4 + 0.10%, 2-aminopurine 26.5 + 1.45%, 2,6-diaminopurine 5.7 + 0.70%, and
MeCpG 6.0 + 0.30%. Reduced yields A-opposed 17.6 + 0.86%, G-opposed 38.6 + 0.50%,
T-opposed 13.1 = 0.70%, C-opposed 40.3 = 1.30%, 2-aminopurine 89.1 £ 2.55%, 2,6-
diaminopurine 95.5 £ 1.00%, and MCpG 54.3 + 5.70%.
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Sequences flanking the cross-link were also varied in dG-Ap cross-linking
duplexes (Figure 4). Changes to bases on the 5' side have very little impact on the
reduced or unreduced cross-link yields. When the 3' position was alternated very little
change was observed except when dA was put in the 3' and opposing position. This
sequence is clearly an outlier and the cross-linked formed in this case was found to
involve reaction of the opposing dA residue with the Ap site.'"’ The possibility of a Ap-
dA cross-link was previously examined and were found to occur in high yields by our
group during a previous study. The details of Ap-dA cross-linking sequence and base

composition effects will be explored in this chapter.'®
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Figure 4
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Figure 4. Percent DNA cross-links using PAGE analysis from radio-labeled duplexes.
The bases 5' of the cross-link or 3' of the Ap-site where alternated in dG-Ap cross-linking
sequences. 5-A/T 2.0 £ 0.39%, 5-T/A 1.7 £ 0.10%, 5'-G/C 1.3 + 0.20%, 5'-C/G 1.0 +
0.10%. 3'-A/T 2.0 + 0.39%, 3'-G/C 1.4 + 0.20%, 3'-C/G 1.1 = 0.10% and 3'-T/A 63.7 +
2.53%
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Results and Discussion

3.3 Interstrand Cross-link Formation With an Opposing Deoxyadenosine Residue
Much the same as the Ap-dG cross-links, interstrand cross-links between an Ap-

site and opposing adenine residues have previously been characterized in only a few

(Scheme 2), but a complete understanding of sequence effects was lacking. Accordingly

we set out to systematically investigate the effect of sequence on Ap-dA cross-link

formation. The Ap-dA cross-links display many differences when compared to Ap-dG

cross-links, which were examined throughout the following experiments.

Scheme 2
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Alternating the base directly opposing the Ap-site produced higher yields with
opposing purine as compared with pyrimidine bases, which is a result that mirrors the
trends seen for Ap-dG cross-links (Figure 5). Changes in the 5' and 3' flanking bases
revealed some clear trends (Figure 6); the first being G:C/C:G base pairs on the 5'
increase the yield. Cross-link may be favored by a more stable base pairing on the 5' side

of the Ap-site which might stabilize a B-like Ap-duplex. Variation of the 3' flank
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indicates that pyrimidines next to the cross-linking base are favored; however the

structural reason behind this is not yet understood.

Figure 5
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Figure 5. Percent DNA cross-links using PAGE analysis from radio-labeled duplexes.
The base directly opposing the Ap-site was alternated in dA-Ap cross-linking sequences.

A-opposed 20.0 £ 2.43%, T-opposed 11.8 = 1.13%, G-opposed 14.6 = 0.98%, and C-
opposed 4.6 = 0.29%.
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Figure 6. Percent DNA cross-links using PAGE analysis from radio-labeled duplexes.
The base directly opposing the Ap-site was alternated in dA-Ap cross-linking sequences.
3'-G/C 20.0 £ 2.43%, 3'-C/G 4.6 + 1.06%, 3'-T/A 2.0 £ 0.23%, 3'-A/T 24.2 + 2.06%. 5'-
A/T 1.4£0.39%, 5'-T/A 1.7 £ 0.17% and 5'-C/G 44.4 + 2.59%.

We carried out cross-linking reactions in the presence of NaCNBH3. In the case of

dG-Ap cross-links these conditions resulted in a reduction of the cross-link and

correspondingly increased the cross-link yield and stability.'>"” Therefore, in an attempt
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to stabilize the Ap-dA cross-links, much the same as we had done for the Ap-dG cross-
links discussed earlier, we treated them with sodium cyanoborohydride at pH 5. However
once cross-link was allowed to reach equilibrium yields and then subjected to reductive
conditions (750 mM NaOAc pH 5.2 and 250 mM NaCNBH; for 12 hours at 37°C),
unlike the Ap-dG cross-links there was no gel shift and instead of a marked increase there
was a slight decrease in cross-link yields (~5%) for Ap-dA cross-links (Figure 7, far left).
The resistance of a synthetic Ap-dA cross-link remnant to chemical reduction was
discussed in chapter 2. In addition to our own studies other reports for formaldehyde
derived imines and Fapy-dG imines have described these structures as being resistant to

hydride mediated reduction.*'*?

The helical structure of DNA itself may increase this
resistance by favoring a cyclic-hemiaminal form that is not a substrate for NaCNBHj3
(Scheme 4). A slight decrease in cross-linking yield during this process is likely due to
reduction of the Ap-aldehyde, which causes less reactant available to form an imine
cross-link.

During examination of Ap-dG cross-links we observed that 2-aminopurine and
2,6-diaminopurine produced very high yields when 5' and opposing the Ap-site. When
these same two bases are placed in the position to form a dA-like cross-link, 3' and
opposing the Ap-site, the importance of the exocyclic amino group’s position becomes
clear (Scheme 3). As described in a previous in chapter 1 a subtle relocation of the amino
group from the major to the minor groove will completely prevent the cross-link.'® We
observed very low cross-link yields, even after reduction with sodium cyanoborohydride

for 2-aminopurine, yet normal yields for the unreduced 2,6-diaminopurine, which retains

an amino group in the major groove (Figure 7). After examining the effect of variations
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on the 5'-ApT sequences we observed the highest yields in a native duplex have appeared

5'-CApT (Figure 4 and 6, far right) sequences and we wanted to investigate cross-links

from within these sequence contexts further.
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Figure 7. Percent DNA cross-links using PAGE analysis from radio-labeled duplexes.
The cross-linking base was modified with non-native bases in dA-Ap cross-linking
sequences and incubated under reductive or non-reductive conditions. Unreduced
Adenine 20.0 £+ 2.43%, 2-aminopurine 2.3 + 0.17% and 2,6-diaminopurine 22.2 + 1.30%.
Reduced Adenine 15.3 + 1.66%, 2-aminopurine 6.0 + 0.27% and 2,6-diaminopurine 7.2
+ 1.40%.
3.4 High Yielding Cross-links Form Within 5'-CApT Sequences

Very high yields of Ap-site derived cross-links have been seen in duplexes with a
5'-CApT sequence. When varying the opposing base we found that dA produces the

highest cross-link yields while dT and dC produce a much lower yield. One difference we

noted was that dG produced the lowest cross-link yields when opposing one5'-CApT
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sequence (Figure 8). Overall the same trends for native sequence variations were
observed for Ap-dG and the previously mentioned Ap-dA, but all of the yields are much
higher (Figure 8, 9). In addition to variations of the opposing base we examined
variations of the base pair 5' of the cross-linking site, which showed slightly higher yields
when an A/T pair was present as compared to a G/C pair (Figure 8). This result is again
consistent with data observed for the previously discussed dA-Ap cross-linking duplex
variations.

Figure 8
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Figure 8. Percent DNA cross-links using PAGE analysis from radio-labeled duplexes.
The base directly opposing the Ap-site was alternated in high yielding (5'-CApT) dA-Ap
cross-linking sequences. Left to right: 44.4 + 2.59%, 6.4 £ 2.41%, 7.2 £ 2.15%, 63.7 £
2.53%, 44.9 +£2.91%, 37.9 = 2.40% and 30.6 + 2.70%.
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During a reaction of the Ap-site with an opposing base the duplex likely needs to
distort relative to B-DNA geometry to allow for the new imine linkage. By introducing
mismatched bases we can create local pockets of increased flexibility and also remove
the penalty for breaking hydrogen bonds of the base-pairs, which may otherwise need to
be broken to allow for cross-link formation. Mispairing the cross-linking base with native
bases or with the universal base 5-nitroindole appears to uniformly increase the yield
(Figure 9). This favorable mispair supports the notion that a “loose” duplex structure near

the cross-linking site is favored.

Figure 9
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Figure 9. Percent DNA cross-links using PAGE analysis from radio-labeled duplexes.
The cross-linking base was mispaired in high yielding (5'-CApT) dA-Ap cross-linking
sequences. Left to right: 44.4 = 2.59%, 66.9 + 3.57%, 76.4 = 2.49%, 62.7 £ 2.51%, 63.7 +
2.53%, 80.0 + 2.46% and 84.7 + 3.85%.
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In our earlier work we used hydroxyl radical footprinting to show the major site
of cross-link attachment was to the dA and not dG,10 however the reason for substantial
increases in cross-link yield remained unknown so the role of the dG residue, 5° and
opposing the Ap-site, was examined. We first explored whether the opposing G residue
in this sequence can participate in cross-link formation. We examined this issue by
conducting a cross-linking reaction under conditions of reductive amination that give
good yields of the dG-Ap cross-link in 5'-CAp sequences. After addition of hydride to
the cross-linking reaction in 5'-CApT sequences two bands with the same gel mobility as
an unreduced dA and reduced dG cross-links can be observed (Figure 10). It appears that
the previously seen dA cross-link is still intact, but in lower yields. Presumably the yields
have been decreased due to reduction of the Ap-aldehyde as discussed earlier.
Additionally, the new band displays the same gel mobility as a reduced dG cross-link.
This is interesting because the weak, previously undetectable, chemistry for an Ap-dG
cross-link can be driven forward by addition of a hydride source and will begin to
compete with Ap-dA cross-links. Also highlighted in this reaction are the differences in
Ap-dG and Ap-dA cross-links, which include chemical reactivity with hydride, gel

mobility and preference for relative location in the duplex.
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Figure 10
A 5'-ATAGATGAACAPTAGACATATA

3'-TATCTACTTG A ATCTGTATAT

5'-ATAGATGAACApAAGACATATA

B 3'-TATCTACTTG A TTCTGTATAT

duplex A
duplex A, H-
duplex B, H-

'
¥

:

Figure 10. PAGE analysis of the 5”P-labeled duplexes A and B. The region shown is
for the slow moving cross-link bands. The left lane is an incubation of duplex A in 50
mM HEPES (pH 7.0) and 100 mM NaCl for 120 hours and 37°C. The middle lane is
duplex A in 750 mM NaOAc (pH 5.2) and 250 mM NaCNBHj; for 16 hours and 37°C.
The right lane is duplex B in 750 mM NaOAc (pH 5.2) and 250 mM NaCNBHj; for 16
hours and 37°C.

The nucleophilicity of 2-aminopurine is likely very similar to dA, because they
are positional isomers where the exocyclic amino group has just been moved from the 6
to 2 position, one might expect them to display similar resistance to reduction. However,

besides the differences in the reactivities of the cross-linking base there are also

environmental differences such as how exposed the imine is to solvent and how sterically
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hindered the imine becomes. The interior of the DNA duplex is hydrophobic and
therefore very little water will be available to act as a proton donor/acceptor, however dA
and dG cross-links may be buried inside the helix to varying degrees keeping the dA
cross-link more buried. In the same manner, the amount of steric hindrance for dA or dG
cross-links may vary, thus allowing more or less access from water and hydride used for
the reduction, where the dA cross-link may be exposed to less water and therefore less
prone to ring-opening. Therefore, the cumulative effect of these differences may be that
the dA cross-linking duplexes result in a buried structure with little access to water and it
is difficult to drive it backward into an imine form (Scheme 4).

Scheme 4
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Differences in gel mobility occur because the duplex structure is more or less
bent due to local distortion at the cross-linking position. It is known that bent oligos can
slow polyacrylamide gel migration, such as seen in poly dA-tracts of restriction
fragments from kinetoplast DNA.>** Even though our data is from denaturing
polyacrylamide, structural or sequence variations still alter the gel mobility, possibly
allowing different cross-linking sites or cross-link structures to be observed. Finally, the
preference for relative location of the cross-linking base within the duplex is determined
by the distance and angle of attack onto the Ap aldehyde (Figure 11). The distance must
be short enough that the energy required to distort the duplex only a few kcals greater
than that gained by forming the cross-link, while the attack must take a Biirgi-Dunitz
angle onto the backside of the Ap aldehyde. In order to achieve a close enough distance
for cross-link formation the duplex likely needs to pinch in the middle a pull the Ap-site
closer to the reacting amino group. This pinch may simply require too much distortion
and therefore too much energy when a more distal amino group is present such as that
shown for dA reacting in the 5'-position (Scheme 3).

In addition to probing the reactivity of the opposing dG under conditions of
reductive amination we tested the effect of replacing dG with inosine. The non-canonical
base, inosine, lacks the N*-exocyclic amino group and therefore this functional group will
not be able to participate in any form of nucleophilic catalysis.”® In fact cross-link
formation was still very high for the inosine containing duplex (57.5 = 5.10%) which
indicates that the local duplex structure is primarily responsible for the observed cross-
link yields in 5'-CApT sequences and not due to chemical reactivity of the exocyclic

amino group.
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Figure 11

Figure 11. Pymol model depicting the distance (angstroms) between the Ap-site
(orange), on the right, and the exocyclic amino groups of dA (organge) on the top left and
dG (orange) on the bottom left. Struture was modified from PDB entry 2M2C.
3.5 Duplex Size and Chemical Additive Effects on dA-Ap Cross-link Formation

In addition to variations of the local sequence we examined the effect of placing
these local sequence “packets” into a longer duplex. Ap-containing duplexes with 35
base pairs have a melting temperature around 53°C as opposed to 41°C for the previously
studied 21mer duplexes. A partially melted duplex may contain partially hybridized
“nucleation” complexes as some of the population dissociates and re-hybridizes.
Therefore, using a duplex with a melting point significantly above the incubation
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temperature, we queried whether there would be a change in yield or formation rate due
to decreased dynamics. However, testing of several 35mer duplexes revealed similar
yields and formation rates compared to their 21 mer counterparts, indicating there is not a

large effect on cross-link formation due to the use of a longer duplex (Figures 12 and 13).

Figure 12
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Figure 12. Percent DNA cross-links using PAGE analysis from radio-labeled duplexes.
The local cross-linking sequence was varied in 35mer dA-Ap cross-linking duplexes and
compared to those of its 21mer counterparts. Unmodified 30.7 £+ 3.31%, 2-aminopurine
5.4 = 0.64%, 2,6-diaminopurine 31.5 = 3.56%, A/A mismatch 86.5 = 1.98% and Inosine
45.4 + 3.49%.
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Figure 13
35mer 5'-TTAGCACCTCAGTAATGApPTGTTCATTCACACAGTT
3'-AATCGTGGAGTCATTAC A ACAAGTAAGTGTGTCAA
50 21mer 5'-TTATACAATGApTGTTCTAATT
45 3'-AATATGTTAC A ACAAGATTAA
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Figure 13. Time course comparing the formation of the 35mer and 21mer duplexs shown
above. The duplexes were incubated in HEPES buffer (50 mM, pH 7) containing NaCl
(100 mM) at 37 °C. At each time point aliquots were removed and frozen at -20 °C. The
%2p_labeled 2’-deoxyoligonucleotides were resolved on a denaturing polyacrylamide gel.
The radioactivity in each band quantitatively measured by phosphorimager analysis, and
the yield of slow-migrating (cross-linked DNA) band plotted versus time. Time = 0 was
defined as the end of the 45 minute reaction of the uracil-containing 2’-
deoxyoligonucleotide duplex with UDG to generate the Ap-containing 2’-

deoxyoligonucleotide duplex.

We next examined the effect of duplex structure on cross-link formation by the
use of chemical additives. Many small molecules can affect the structure of DNA by
non-covalent binding due to hydrogen bonding, pi-stacking or hydrophobic interactions.
It has previously been demonstrated that the addition of purines can improve the yield of

weak low molecular weight interstrand cross-links arising from a similar reaction

between a beta-eliminated C4'-oxidized abasic site and an opposing nucleobase.?’
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However, the addition of purines did not appear to increase the yield of cross-links in the
intact duplex. In a similar manner, purines were not able to “rescue” low yielding dA
cross-links (5-10%) such as those produced by duplexes C and D (Figurel4). Earlier it
was discussed that in some Ap-containing duplexes the Ap-site and its opposing base
rotate out of the duplex and allow the remaining bases to collapse and fill that hole.'®
Therefore it was possible that DNA intercalators, which stack in between base pairs,*®
could fill this hole and prevent a collapse of the duplex structure. When the intercalators
ethidium bromide or proflavine were added they did not improve low yielding cross-links
they instead prevent cross-link formation (Figure 14).
Figure 14

5" -TTATACAATGApTGTTCTAATT
3'-AATATGTTACT ACAAGATTAA

D 5"'-TTATACAATGApTGTTCTAATT
3'-AATATGTTAC C ACAAGATTAA
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Figure 14. Relative percent cross-link is 100% when no additives are present. Additive
concentrations used: 50 uM ethidium bromide, 50 uM proflavine, 100 uM adenine, 100
uM deoxyadenosine, *10 puM guanine, 100 puM deoxyguanosine, 100 pM 2,6-
diaminopurine. (* poor solubility prevented a more concentrated stock solution of
guanine from being prepared)
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When intercalators stack between the DNA base pairs they also rigidify the
duplex. This increased rigidity may prevent the proper alignment of the Ap-site and an
opposing nucleobase; however it is also possible that the intercalators physically block
the space between the Ap-site and this opposing base and cause a general structural
distortion to the duplex.®® To further test if increased rigidity of a duplex can prevent
cross-link formation we tested another well studied DNA binding molecule. Molecules
like netropsin do not stack between base pairs, but instead bind to the minor groove of
DNA.*7! By this mode of binding these minor groove binders should not physically
block the space between an Ap-site a base on the opposing strand and they do not distort
the overall structure of the duplex.” Netropsin has a high binding constant in regions of
at least four consecutive A/T base pairs (1-4x10° M) and shows very weak binding in
G/C regions (Scheme 5).***> With this sequence specificity in mind, we designed three
duplexes, one with no AT binding region, one with a binding region overlapping the
cross-link site and one with a binding region adjacent to the cross-link site. Cross-link
formation in these three duplexes showed striking effects when netropsin was added

(Figure 15).

narrow minor groove
AT-region (~4A)

netropsin
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Figure 15. PAGE analysis of the 5**P-labeled duplexes shown above. In each block the
first lane is the uracil containing duplex shown above. The second lane is treatment of the
Ap-containing duplex with 1M piperidine. The third lane is incubation of the Ap-
containing duplex in 50 mM HEPES (pH 7.0) and 100 mM NaCl for 120 hours and 37°C.
The forth lane is the same incubation conditions plus the addition of 1 uM netropsin and
the fifth lane is with the addition of 10 uM netropsin. The red bars around the duplex

represent a netropsin binding site. Cross-link yields, lane 3- 14.2 + 0.4, lane 4- 13.8 +
0.4, lane 5- 12.5+ 0.5, lane 8- 25.5+ 0.7, lane 9- 11.4 + 0.6, lane 10- 2.9 + 0.2, lane 13-

11.4+0.5, lane 14- 3.7 £ 0.3, lane 15- 3.1 £ 0.2

When there is no AT binding site there was almost no decrease in cross-link
yields, however when the binding site was adjacent to the cross-linking site netropsin
prevented nearly all cross-link formation. If the binding site overlaps the cross-linking

region cross-link formation is still prevented by the addition of netropsin, but to a lesser
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extent. Likely this region does not fit the netropsin molecule as well because it is more
distorted from the typical B-DNA structure and therefore not a very good binding site.
These results suggest that binding of netropsin near the cross-linking site rigidifies the
DNA structure and prevents the mobility of the Ap-site and opposing nucleobase

necessary for cross-link formation.

3.6 Conclusions

In this chapter we have demonstrated that interstrand cross-links between Ap-sites
and an opposing nucleobase are a family of lesions and occur in a wide array of sequence
context. In fact at least some dG or dA cross-links were detected in all 5'-CAp and 5'-
ApT native duplexed sequences. Furthermore, we have shown that the cross-link yields
are highly dependent on the local sequence, which likely affects the amount and type of
distortion offered by that particular duplex. One sequence context which appears to create
a favorable duplex structure is 5'-CApT sequences where the adenine residue 3' and
opposing the Ap-site will form high yields of cross-link. Finally, we probed the effect of
small molecules on cross-link formation. Intercalators which distort the duplex structure
prevent any cross-link from forming. Minor groove binders which do not distort, but
rigidify the duplex also prevent cross-link formation when they have a binding site near
the Ap-site. Overall, these features of Ap-derived interstrand cross-links paint them to be
an important lesion with the possibility of creating high amounts of biological

dysfunction during replication, transcription and DNA repair processes.

125



Sequence effects and scope of DNA interstrand cross-links formed
between abasic sites and an opposing adenine residue Chapter 3

3.7 Experimental

The same general procedure for generating cross-links in chapter one was used
throughout this chapter.
3.8 Supporting Information
Below is a complete list of tables for sequences where the yield of Ap-derived interstrand
cross-link was measured by 5”*P radiolabeled oligonucleotide duplexes which are

resolved by PAGE and the phosphorimager densitometry data is analyzed.

X = abasic site
* This data was collected by fellow Gates group member, Kevin Johnson.
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Name Sequence ‘ Yield \ Error \ Red. \ Error \ Notes
Vary Base Opposing Ap-site
S2C 5 -ATA GAT GAA CXA AGA CAT ATA 2.1 0.4 18 1 Purines opposing the Ap-site
3°-TAT CTA CTT GaT TCT GTA TAT give higher yields. The
reduced yield with dC-
. opposing is very high.
* 5"-ATA GAT GAA C}(A AGA CAT ATA 1 0.1 38.6 0.5
3°'-TAT CTA CTT GgT TCT GTA TAT
* 5'-ATA GAT GAA CXA AGA CAT ATA 0.4 0.1 13.1 0.7
3°'-TAT CTA CTT GtT TCT GTA TAT
* 5°-ATA GAT GAA CXA AGA CAT ATA 0.4 0.1 40 1
3°-TAT CTA CTT GeT TCT GTA TAT
Vary Base 3’ of the Ap-site
* 5°-ATA GAT GAA C)(a AGA CAT ATA 2.1 0.4 18 1
3°'-TAT CTA CTT GAt TCT GTA TAT
* 5°-ATA GAT GAA CXg AGA CAT ATA 1.4 0.2 13.8 0.4
3°'-TAT CTA CTT GAc TCT GTA TAT
* 5°-ATA GAT GAA C)(c AGA CAT ATA 1 0.1 13.0 0.3
3°'-TAT CTA CTT GAg TCT GTA TAT
15 1 Footprinted as a dA cross-link.
* 5" -ATA GAT GAA CXt AGA CAT ATA 64 3 When reduced the dG cross-
3 -TAT CTA CTT GAA TCT GTA TAT link band appears, but there is
5 1 still a strong band for the dA
cross-link.
Vary Base 5’ of the Ap-site
S2C 5°-ATA GAT GAa C?(A AGA CAT ATA 2.1 0.4 18 1
3°-TAT CTA CTt GAT TCT GTA TAT No particularly strong trends.
* 5°-ATA GAT GAt C)(A AGA CAT ATA 1.7 0.1 .7 0.3
3°-TAT CTA CTa GAT TCT GTA TAT
* 5'-ATA GAT GAg T)(A AGA CAT ATA 1.3 0.2 18 1
3'-TAT CTA CTe GAT TCT GTA TAT
* 5°-ATA GAT GAc TXA AGA CAT ATA 1.0 01 | 15.4 0.3
3'-TAT CTA CTG GAT TCT GTA TAT
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Name Sequence ‘ Yield \ Error \ Red. \ Error \ Notes
Mismatches
S2C 5'-ATA GAT GAA CXA AGA CAT ATA | 21 0.4 18 1 dG mismatches 5’ the AP-
3"-TAT CTA CTT GAT TCT GTA TAT site or opposing the cross-
linking ‘G’ improve the
. yield. However, they seem
S2/E3C | > ~ATA GAT GAA CXA AGA CAT ATA 8 1 2.9 0.3 to be resistant to reductive
3"-TAT CTA CTC GAT TCT GTA TAT . .
amination?
MMG1 5'-ATA GAT GAA TXA AGA CAT ATA 16 1 4.2 0.3 .
3'-TAT CTA CTT GAT TCT GTA TAT MMGT footprinted as a dG
cross-link
* 5 -ATA GAT GRa CXa AGA CAT ATA 24 5 36.4 0.3 Footprinted as a dC cross-
3'-TAT CTA CTt GAc TCT GTA TAT link
* 5'-ATA GAT GAt CXa AGA CAT ATA 3.8 0.8 35 2
3°'-TAT CTA CTa GAg TCT GTA TAT
* 5°-ATA GAT GAg T}(t AGA CAT ATA 3.4 0.3 19 2
3°-TAT CTA CTe GAt TCT GTA TAT
* 5°-ATA GAT GAc T}(t AGA CAT ATA 6 1 21.7 0.3
3°-TAT CTA CTG GAg TCT GTA TAT
Non-native bases
P = 2-aminopurine, which
S6C1 5" -ATA GAT GAA TXA AGA CAT ATA 42 4 N/A N/A is a good cross-linker
3°'-TAT CTA CTT PGT TCT GTA TAT (electronically similar to
dA) and undergoes
reductive amination very
well
P = 2-aminopurine, which
S6C2 | 5 —ATA GAT GAA TXA AGA CAT ATA | 27 1 89 3 is a good cross-linker
3°-TAT CTA CTT PAT TCT GTA TAT (electronically similar to
dA) and undergoes
reductive amination very
well
P = 2-aminopurine,
F1/Fim | 5 —TTA TAC AAT GXT GTT CTA ATT 2.3 0.2 6.0 0.3 exocyclic amine is not in
od 3'-AAT ATG TTA CAP CAA GAT TAA the correct position, but
still increases with
reductive amination

128




Sequence effects and scope of DNA interstrand cross-links formed

between abasic sites and an opposing adenine residue Chapter 3
Name Sequence \ Yield \ Error \ Red. \ Error \ Notes
Non-native bases
C*/G* = isodC/IsodG, which
IsoF1 5°-TTA TAC AAT GXC* GTT CTA ATT ND N/A ND N/A | should have been placed the
3°'-AAT ATG TTA CAG* CAA GAT TAA exocyclic amine through the
center of the duplex toward
the AP-site. Not sure why
there is actually zero cross-
link
A bulge does not improve
BU1 5'-TTA TAC AAT GX GTT CTA ATT 5 2 NA NA the yield of this native
3'-AAT ATG TTA Cg CAA GAT TAA sequence, but even with
A such a “big” distortion
noticeable cross-link can
form
L = 5-nitroindole, a universal
UN1 5°-TTA TAC AAT GXL GTT CTA ATT 63 3 NA NA base, which could allow
3'-AAT ATG TTA CAA CAA GAT TAA more mobility of the
“paired” cross-linking base.
The yield is very good, but
not better than an A:A
mismatch
I=inosine
* 5°-ATA GAT GAA CXA AGA CAT ATA ND N/A ND N/A
3'-TAT CTA CTT IAT TCT GTA TAT
MeC = 5-methylcytosine, has
* 5°-ATA GAT GAA M‘;XA AGA CAT ATA 6.0 0.3 54 6 slightly higher unreduced
3'-TAT CTA CTT GMCT TCT GTA TAT yields than the
unmethylated duplex and
much higher reduced yields
I=inosine
* 5'-ATA GAT GAA C}QT AGA CAT ATA 58 5 N/A N/A
3°'-TAT CTA CTT IAA TCT GTA TAT

5°-ATA GAT
3'-TAT CTA

D= 2,6-diaminopurine,
GAA CXA AGA CAT ATA 57 0.7 95.5 1 incredibly high reduced yield
CTT DAT TCT GTA TAT

5'-TTA TAC
3 -AAT ATG

D= 2,6-diaminopurine, 2
AAT G){T GTT CTA ATT 3.8 0.1 3.4 0.1 bands possibly from each of
TTA CAD CAA GAT TAA the amino groups on the =
2,6-diaminopurine or
possibly one from an
opposing dA. Interestingly
none of them undergo
reductive amination well,
22 1 7 1 while the duplex above with
= 2,6-diaminopurine in the
‘G’ cross-linking position is
very strong at this reductive
amination.
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Name Sequence ‘ Yield ‘ Errort% \ Notes
Vary Base Opposing Ap-site
F1C1 5°-TTA TAC AAT GXT GTT CTA ATT 20 2
3°-AAT ATG TTA CaA CAA GAT TAA
F1C2 5'-TTA TAC AAT G){T GTT CTA ATT 12 1
3°-AAT ATG TTA CtA CAA GAT TAA
Purines are better,
F1C3 5°-TTA TAC AAT GXT GTT CTA ATT 15 1 though “T" is not much
3 -AAT ATG TTA CgA CAA GAT TAA worse
F1C4 5°-TTA TAC AAT GXT GTT CTA ATT 4.6 03
3 -AAT ATG TTA CcA CAA GAT TAA
Vary Base Flanking 3’ of the Ap-site
FiC1 5°'-TTA TAC AAT GXT gTT CTA ATT 20 2
3 -AAT ATG TTA CAA cAA GAT TAA
F2C 5°-TTA TAC AAT GXT cTT CTA ATT 5 1
3°-AAT ATG TTA CAA gAA GAT TAA Pyrimidines flanking
the cross-linked dA on
F3C 5°-TTA TAC AAT G)&T tTT CTA ATT 2.0 0.2 its 5 5|:etfre much
3'-AAT ATG TTA CAA aAA GAT TAA etter
F5C 5°-TTA TAC AAT GXT aTT CTA ATT 24 2
3 -AAT ATG TTA CAA tAA GAT TAA
Vary Base Flanking 5’ of the Ap-site
F1C1 5°-TTA TAC AAT gXT GTT CTA ATT 20 2
3°-AAT ATG TTA cAA CAA GAT TAA
F6C 5°-TTA TAC AAT a)\T GTT CTA ATT 1.4 0.4 G:C pair 5’ the AP-site is
3°-AAT ATG TTA tAA CAA GAT TAA g00d. Mis-match
sequences also indicate
F7C 5°-TTA TAC BAT tXT GTT CTA ATT 1.7 0.2 Smb””anozhem's
3°-AAT ATG TTA aAA CAA GAT TAA 800
FSC 5°-TTA TAC AAT cXT GTT CTA ATT 44 3
3 -AAT ATG TTA gAA CAA GAT TAA
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Name Sequence ‘ Yield ‘ Errort% \ Notes
Super-sequence, Vary Base Opposing Ap-site
G-opposing is actually the
E3C 5 -ATA GAT GAA CXT AGA CAT ATA 64 3 lowest yield. The other
3°-TAT CTA CTT GaA TCT GTA TAT opposing bases follow the
same trends as seen in 5'-
GXT sequences
* 5°-ATA GAT GAA CXT AGA CAT ATA 38 2
3'-TAT CTA CTT GtA TCT GTA TAT
* 5°-ATA GAT GAA cx§ AGA CAT ATA 31 3
3°-TAT CTA CTT GgA TCT GTA TAT
* 5°-ATA GAT GAA CXT AGA CAT ATA 45 3
3°-TAT CTA CTT GeA TCT GTA TAT
Super-sequence, Vary Base Flanking 3’ of the Ap-site
E3C 5°-ATA GAT GAA CXT aGA CAT ATA 64 3
3°-TAT CTA CTT GAA tCT GTA TAT
* 5°-ATA GAT GAA CXT tGA CAT ATA 17.6 0.4 Placing a pyrimidine 5 of the
3°-TAT CTA CTT GAA aCT GTA TAT cross-linked dA produces
high yields
* 5°-ATA GAT GAA CXT gGA CAT ATA 49 2
3°-TAT CTA CTT GAA cCT GTA TAT
* 5°-ATA GAT GAA CXT aGA CAT ATA 17 1
3°-TAT CTA CTT GAA tCT GTA TAT
Super-sequence, Vary Base Flanking 5’ of the Ap-site
E3C 5°-ATA GAT GAA cXT AGA CAT ATA 64 3
3°-TAT CTA CTT gAA TCT GTA TAT
* 5 -ATA GAT GRA aXT AGA CAT ATA 35.0 0.6 No clear trends, the c/g base
3°-TAT CTA CTT tAA TCT GTA TAT pair is needed to produce
the high yielding “super”
* 5°-ATA GAT GAA gXT AGA CAT ATA 18 0.4 cross-links
3°-TAT CTA CTT cAA TCT GTA TAT
* 5°-ATA GAT GAA tXT AGA CAT ATA 8.6 0.1
3°-TAT CTA CTT aAA TCT GTA TAT
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Name Sequence ‘ Yield ‘ Errort% Notes
Pyrimidines Opposing the Ap-site
F8C 5°-TTA TAC AAT C)&T GTT CTA ATT 44.4 2.59
3°'-AAT ATG TTA GaA CAA GAT TAA
F8C2 5'-TTA TAC AAT CXT GTT CTA ATT 6.4 241
3°-AAT ATG TTA GecA CAA GAT TAA
F8C3 5°-TTA TAC AAT CXT GTT CTA ATT 7.2 2.15
3'-AAT ATG TTA GEA CAA GAT TAA o .
Pyrimidines opposing
“good” sequences give
E3C 5'-ATA GAT GAA CXT AGA CAT ATA 63.7 253 lower yields, however the
3°-TAT CTA CTT Ga®h TCT GTA TAT yields are still much
better than a generally
“bad” sequence
E3C2 5°-ATA GAT GAA CXT AGA CAT ATA 44.9 2.91
3°-TAT CTA CTT Gck TCT GTA TAT
E3C3 5°-ATA GAT GAA C)§ AGA CAT ATA 379 2.40
3°-TAT CTA CTT GtA TCT GTA TAT
F5C 5'-TTA TAC AAT GXT ATT CTA ATT 24.2 2.06
3°-AAT ATG TTA CaA TAA GAT TAA
F5C2 5°-TTA TAC AAT G)gT ATT CTA ATT 4.9 1.33
3°-AAT ATG TTA CtA TAA GAT TAA
F7C 5°-TTA TAC AAT TXT GTT CTA ATT 1.7 0.17
3'-AAT ATG TTA AaA CAA GAT TAA Pyrimidines opposing
“bad” sequences don’t
. necessarily make them
F7C2 5 -TTA TAC AAT T)‘T GTT CTA ATT 3.3 1.04 worse
3°-AAT ATG TTA AtA CAA GAT TAA
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Mismatches
F1C1 5 -TTA TAC AAT GXT GTT CTA ATT 20 2 Mismatches on the 5’
3°-AAT ATG TTA CAA CAA GAT TAA and 3’ sides of the
reaction may distort the
. duplex in an unfavorable
F1/F5C 5°-TTA TAC AAT Gﬁ gTT CTA ATT 15.0 0.7 way (allow Ap-site to flip
3°-AAT ATG TTA C tAA GAT TAA out of the duplex)
Though only a couple of
F1/F6C 5°_TTA TAC AAT g)(i GTT CTA ATT ND N/A these have been tried.
3"-AAT ATG TTA tAA CAA GAT TAA
F8C 5°-TTA TAC AAT C)(f GTT CTA ATT a4 3
3°-AAT ATG TTA GAA CAA GAT TAA
Mismatching the cross-
. linking base improves
MMA1 > ~TTA TAC AAT CXg GTT CTA ATT 67 4 yield. Adds flexibility to
3"-AAT ATG TTA GAa CAA GAT TAA L
the cross-lining base and
removes the need to
“" kll h h
F12C 5°-TTA TAC AAT C)\a GTT CTA ATT 76 2 bbreda ;OS: qugtin
3 -AAT ATG TTA GAa CAA GAT TAA onds when forming the
cross-link. A:A mismatch
appears to be the best,
E3C 5'-ATA GAT GAA CXT AGA CAT ATA 64 3 presumably gives the
3'-TAT CTA CTT GAA TCT GTA TAT most freedom of
movement for the cross-
linking base. G-
E5C 5°-ATA GAT GAA CXc AGA CAT ATA 30 2 mismatches where not
3'-TAT CTA CTT GAa TCT GTA TAT examined.
S2/E3C 5°-ATA GAT GAA CXQ AGA CAT ATA 85 4
3'-TAT CTA CTT GAa TCT GTA TAT
* 5°-ATA GAT GAA aXT AGA CAT ATA 4.6 0.1
3°-TAT CTA CTT gAA TCT GTA TAT
* 5'-ATA GAT GAA gXT AGA CAT ATA 21 0.1
3°'-TAT CTA CTT gAA TCT GTA TAT
* 5°-ATA GAT GAA CXT aGA CAT ATA 23 0.1
3'-TAT CTA CTT GAA aCT GTA TAT
* 5°-ATA GAT GAA CX\a aGA CAT ATA 83 2
3°-TAT CTA CTT GAa aCT GTA TAT
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“Zippered” duplexes
These duplexes are
71C1 5°-CAG TTA TAC AAG C){a AGC CTA ATT CGA 47.6 3.44 based off PDB
3'-GTC AAT ATG TTC GRa TCG GAT TAA GCT structures, which
indicate the non-AP
sequences create
zippered structures
where the bases of
71C2 5°-CAG TTA TAC AAG C)&a aGC CTA ATT CGA 85.6 2.25 opposing strands
3°'-GTC AAT ATG TTC GAa gCG GAT TAA GCT slip on top of one
another. We do not
know if this
happens here
because there is no
72C 5°-CAG TTA TAC AAG C)&a aaG CTA ATT CGA 78.4 1.98 crystal structure,
3°-GTC AAT ATG TTC GAa agC GAT TAA GCT but the yields are
very high.
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