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Correlation of Thermal Stability and Structural Distortion of DNA
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Abstract

C4/-oxidized (C4-AP) and C5’-oxidized abasic sites (DOB) that are produced following
abstraction of a hydrogen atom from the DNA backbone reversibly form cross-links selectively
with dA opposite a 3’-adjacent nucleotide, despite the comparable proximity of an opposing dA. A
previous report on UvrABC incision of DNA substrates containing stabilized analogues of the
ICLs derived from C4-AP and DOB also indicated that the latter is repaired more readily by
nucleotide excision repair [Ghosh, S., and Greenberg, M. M. (2014) Biochemistry 53, 5958-5965].
The source for selective cross-link formation was probed by comparing the reactivity of ICL
analogues of C4-AP and DOB that mimic the preferred and disfavored cross-links with that of
reagents that indirectly detect distortion by reacting with the nucleobases. The disfavored C4-AP
and DOB analogues were each more reactive than the corresponding preferred cross-link
substrates, suggesting that the latter are more stable, which is consistent with selective ICL
formation. In addition, the preferred DOB analogue is more reactive than the respective C4-AP
ICL, which is consistent with its more efficient incision by UvrABC. The conclusions drawn from
the chemical probing experiments are corroborated by UV melting studies. The preferred ICLs
exhibit melting temperatures higher than those of the corresponding disfavored isomers. These
studies suggest that oxidized abasic sites form reversible interstrand cross-links with dA opposite
the 3’-adjacent thymidine because these products are more stable and the thermodynamic
preference is reflected in the transition states for their formation.
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DNA-DNA interstrand cross-links comprise an important family of DNA damage whose
members are absolute blocks of replication and transcription.2:2 ICLs are typically produced
by exogenous bis-electrophiles that react in the minor or major grooves with staggered
nucleobases on opposite strands.3-® Recently, ICLs that result from reaction of various
abasic lesions (Figure 1) with dA, dC, and/or dG on the complementary strand have been
characterized.’”~10 Such cross-links emanate from AP, as well as the oxidized abasic lesions,
C4-AP and DOB, that are in equilibrium with ring-opened, electrophilic aldehyde forms
(Figure 1 and Scheme 1). C4-AP yields two types of ICLs, one in which both strands are
intact (Scheme 1) and one in which the oxidized abasic site has undergone strand
scission.11-14 The former C4-AP ICL and that produced from DOB are formed reversibly
and selectively with the dA opposite the 3’-adjacent thymidine (Scheme 2).1> Chemically
stable analogues [X-Y and W-V (Scheme 1)] that facilitate the characterization of these
reversibly formed ICLs have been prepared.16 ICLs (and analogues) arising from oxidized
abasic sites (C4-AP and DOB) are substrates for bacterial nucleotide excision repair, which
transforms some of these molecules into double-strand breaks.1’:18 The chemically
stabilized C4-AP ICL analogue is a poorer substrate than that resulting from DOB, but the
structural basis for this difference is unknown.18 Experiments designed to probe the source
for the differences in NER efficiency and selective formation of ICLs between C4-AP and
DOB and the dA opposite the 3’-adjacent thymidine are described herein.

The right-handed helical nature of duplex DNA provides a rationalization for reaction with
the N6-amino group of a dA opposite the 3’-adjacent thymidine compared to the same
nucleotide opposite a 5’-thymidine because of the proximity of the C1-aldehyde to the major
groove. However, molecular models do not explain why DOB and C4-AP do not readily
form 1CLs with an opposing nucleotide. Models suggest that the distances between the C1-
aldehyde of DOB (see the Supporting Information) or C4-AP (Figure 2) and the N6-amino
group of an opposing dA are comparable (within 0.4 A) to those of the same functionality on
a dA opposite the 3’-adjacent thymidine. We considered the possibility that an ICL between
C4-AP or DOB and an opposing dA was less stable than one resulting from reaction of an
oxidized abasic site with a dA opposite the 3’-adjacent thymidine and that this would be
reflected in the kinetics and equilibria of the reversibly formed ICLs. We hypothesized that
the structures of the chemically stabilized ICL analogues would correlate with the actual
products produced from DOB and C4-AP (Scheme 1), and that the unobserved, putatively
less stable molecules consisting of cross-links with opposing dA’s would experience greater
base pairing disruption. Relative perturbations of duplex structure may also correlate with
ICL susceptibility to NER. Although the mechanism for NER recognition of DNA damage
is still under investigation, the proteins are believed to recognize macroscopic duplex
distortion.5:19-23 Greater distortion of DOB ICL analogues than of those derived from C4-
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AP would correlate with comparisons of NER.18 Base pairing disruptions in the ICLs should
translate into greater reactivity with chemical agents (e.g., dimethyl sulfate, diethyl
pyrocarbonate, potassium permanganate, and hydroxyl radical) that probe nucleobase
accessibility, as well as lower UV melting temperatures,24-35

MATERIALS AND METHODS

Materials and General Methods

Oligonucleotides were prepared on an Applied Biosystems Inc. 394 DNA synthesizer.
Commercially available DNA synthesis reagents were obtained from Glen Research Inc.
DNA substrates used in this study are presented in Figure 3. T4 polynucleotide kinase,
Klenow exo™, terminal deoxynucleotide transferase, and T4 DNA ligase were obtained from
New England Biolabs. [a-32P]dCTP, [a-32P]-dTTP, [~32P]ATP, and [a-32P]cordycepin 5'-
triphosphate were purchased from PerkinElmer. Analyses of radiolabeled oligonucleotides
were conducted using a Storm 840 Phosphor-imager and ImageQuant TL software. C18-
Sep-Pak cartridges were obtained from Waters.

General Procedure for the Hydroxyl Radical Cleavage Reaction of 1-3 and 8-10

The appropriately 32P-labeled substrate (5000—15000 cpm) was suspended in 8 L of water
and mixed with 10 pL of 2x oxidation buffer [200 mM NaCl, 20 mM sodium phosphate (pH
7.2), 2 mM sodium ascorbate, and 0.5 mM hydrogen peroxide]. An Fe:EDTA solution [2
pL, 1 mM EDTA and 0.5 mM Fe(NH,4)2(SO4),-6H,0] was added, and the reaction was
allowed to proceed for 3-5 min. The reaction was quenched by addition of 100 mM thiourea
(10 uM) and the sample precipitated with 3 M NaOAc (4 pL), 1 pg/uL calf thymus DNA (5
pL), and cold ethanol (115 pL). After centrifugation, removal of the supernatant, and drying
under vacuum, the DNA was suspended in formamide loading buffer [10 pL, 50%
formamide, 5 mM EDTA (pH 8.0), 0.1% xylene cyanol, and 0.1% bromophenol blue],
heated (90 °C, 2 min), cooled (0 °C, 5 min), and analyzed by polyacrylamide gel
electrophoresis (PAGE) (20% denaturing) using a Storm 840 phosphorimager and
Imagequant TL software.

General Procedure for DEPC Treatment of 1-3 and 8-12

The appropriately 32P-labeled substrate (1-3) (5000-15000 cpm) was reacted (30 uL) with
1.04 M DEPC in PBS buffer [10 mM sodium phosphate (pH 7.2) and 100 mM NaCl] for 10
min at room temperature. The reaction tubes were briefly vortexed every 2 min during the
reaction. Following incubation with DEPC, the samples were precipitated with 5 M
NH4OAc (5.2 uL), 1 pg/uL calf thymus DNA (5 uL), water (10 pL), and cold ethanol (155
pL). The precipitated samples were treated with 1 M piperidine (50 pL) for 20 min at 90 °C
and dried in vacuo. The samples were resuspended in water (50 pL) and again dried in
vacuo. The DNA was resuspended in formamide loading buffer [10 uL, 50% formamide, 5
mM EDTA (pH 8.0), 0.1% xylene cyanol, and 0.1% bromophenol blue], heated (90 °C, 2
min), cooled (0 °C, 5 min), and analyzed by PAGE (20% denaturing) using a Storm 840
phosphorimager and ImageQuant TL software. Reactions with substrates 8—12 were
conducted as described above except the concentration of DEPC was 1.75 M and the total
volume of the reaction was 35.5 pL.
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General Procedure for KMnO4 Treatment of 1-3 and 8-12

The appropriately 32P-labeled substrate (1-3) (5000-15000 cpm) was reacted (20 uL) with
0.3 mM KMnOQOy in PBS buffer [10 mM sodium phosphate (pH 7.2) and 100 mM NacCl] for
10 min at room temperature. The reaction tubes were briefly vortexed every 2 min during
the reaction. Following incubation with KMnQy, the reactions were quenched by the
addition of allyl alcohol (1 pL) and vortexing. The samples were precipitated with 5 M
NH40Ac (5.2 uL), 1 pg/uL calf thymus DNA (5 uL), water (20.5 uL), and cold ethanol (155
UL). The precipitated samples were treated with 1 M piperidine (50 pL) for 20 min at 90 °C
and dried in vacuo. The samples were resuspended in water (50 pL) and again dried in
vacuo. The samples were resuspended in formamide loading buffer [10 uL, 50% formamide,
5mM EDTA (pH 8.0), 0.1% xylene cyanol, and 0.1% bromophenol blue], heated (90 °C, 2
min), cooled (0 °C, 5 min), and analyzed by PAGE (20% denaturing) using a Storm 840
phosphorimager and Imagequant TL software. Reactions with substrates 8-12 were
conducted as described above except the concentration of KMnO,4 was 0.6 mM.

General Procedure for DMS Treatment of 1-3

The appropriately 32P-labeled substrate (1-3) (5000—-15000 cpm) was reacted (20 pL) with
25 mM DMS (diluted from a 250 nM DMS solution in ethanol) in PBS buffer [10 mM
sodium phosphate (pH 7.2) and 100 mM NacCl] for 12 min at room temperature. The
reaction tubes were briefly vortexed every 2 min during the reaction. Following incubation,
the samples were precipitated with 5 M NH40Ac (5.2 pL), 1 pg/uL calf thymus DNA (5
pL), water (20.5 pL), and cold ethanol (155 pL). The precipitated samples were treated with
1 M piperidine (50 L) for 20 min at 90 °C and dried in vacuo. The samples were
resuspended in water (50 pL) and again dried in vacuo. The samples were resuspended in
formamide loading buffer [10 pL, 50% formamide, 5 mM EDTA (pH 8.0), 0.1% xylene
cyanol, and 0.1% bromophenol blue], heated (90 °C, 2 min), cooled (0 °C, 5 min), and
analyzed by PAGE (20% denaturing) using a Storm 840 phosphorimager and Imagequant
TL software.

General Procedure for Hydroxylamine Treatment of 1-3

A 2 M stock solution (10 mL) of hydroxylamine (pH 6.0) was prepared by dissolving
hydroxylamine hydrochloride (1.34 g) in autoclaved water (5 mL). Diethylamine
(approximately 1.2 mL) was added to adjust the pH to 6.0. Autoclaved water was added to
this solution to achieve a final volume of 10 mL. The stock solution was diluted with
autoclaved water to make a 1.04 M hydroxylamine solution. The 2 M stock solution can be
stored in a —20 °C freezer and used for up to 1 week. The appropriately 32P-labeled substrate
(1-3) (5000-15000 cpm) was reacted (26 pL) with 0.80 M hydroxylamine (pH 6.0) (diluted
from a 1.04 M stock solution) in PBS buffer [10 mM sodium phosphate (pH 7.2) and 100
mM NacCl] for 10 min at room temperature. The reaction tubes were briefly vortexed every 2
min during the reaction. Following incubation, the samples were precipitated with 5 M
NH40Ac (5.2 pL), 1 pg/pL calf thymus DNA (5 pL), water (20.5 pL), and cold ethanol (155
uL). The precipitated samples were treated with 1 M piperidine (50 uL) for 20 min at 90 °C
and dried in vacuo. The samples were resuspended in water (50 pL) and again dried in
vacuo. The samples were resuspended in formamide loading buffer [10 uL, 50% formamide,
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5mM EDTA (pH 8.0), 0.1% xylene cyanol, and 0.1% bromophenol blue], heated (90 °C, 2
min), cooled (0 °C, 5 min), and analyzed by PAGE (20% denaturing) using a Storm 840
phosphorimager and Imagequant TL software.

UV Melting Temperature Experiments

RESULTS

UV melting temperature experiments were conducted in quartz cells with a path length of 1
cm. The samples were prepared by mixing oligonucleotides (1 uM), PIPES (pH 7.0, 10
mM), NaCl (100 mM), and MgCl, (10 mM). For substrates 4-7, the temperature was held at
13 °C for 2 min and then increased linearly to 85 °C at a rate of 1.0 °C/min while the
absorbance was monitored at 260 nm. The cuvette rack was constantly flushed with N, flow
to avoid moisture condensation in the lower temperature range (<17 °C). For substrates 13
and 14, the temperature was varied from 20 to 85 °C. For each experiment, the absorbance
(260 nm) of a solution containing the same buffer but without the oligonucleotides was
recorded as a function of temperature and subtracted from the absorbance (260 nm) of the
oligonucleotide solutions. The data were processed using Origin 6.1 by plotting the
absorbance versus temperature and fitting the curve to the equation y = Ay + (A; — Ap)/{1 +
exp[(x — xg)/dx]}, where y is the absorbance, A is the initial absorbance (left horizontal
asymptote), A, is the final absorbance (right horizontal asymptote), xq is the center (point of
inflection or Ty;), and dx is the change in the X value corresponding to the most significant
change in the Y value.

Substrate Design and Preparation

Substrates containing ICL analogues of C4-AP and DOB (Figure 3) were synthesized by a
combination of solid-phase oligonucleotide synthesis and enzymatic ligation, as previously
described.16:18 Substrates containing the cross-link with the abasic sites opposite the 3/-
adjacent dT (“observed”) and with the cross-linked dA opposite the abasic site analogues
(“unobserved™) were prepared. The “observed” ICLs correspond to those that are
(preferentially) formed by C4-AP and DOB (Scheme 2). Specific ligation protocols for
previously unreported substrates are described in the Supporting Information. The chemo-
enzymatic approach provided a convenient method for controlling which strand and
terminus in the cross-linked substrate was labeled with 32P. Labeling each terminus was
desirable because analysis of the reactivity of nucleotides flanking the ICLs proceeded with
the highest resolution when the nucleotides were between the radiolabel and the cross-link.
[Please note that the strand labeled in each substrate is termed “t” for the strand containing
the abasic site analogue (top strand in Figure 3) or “b” for the strand containing the dA that
is involved in the cross-link (bottom strand in Figure 3).] This approach worked as planned
for preparing the desired 32P-labeled cross-linked substrates containing the stabilized DOB
ICL [X-Y (Scheme 1 and Figure 3)]. However, slight impurities were detected when 5/-32p-
b-8 and 5’-32P-b-9 were prepared. Consequently, substrates 11 and 12 were employed for
examining the reactivity of the 5’-bottom portion of ICLs containing the C4-AP analogues.
Although the overall lengths of substrates 11 and 12 are greater than the lengths of the
others (8 and 9) containing the C4-AP ICL analogue (W-V), the flanking sequences over
which reactivity was examined (four or five nucleotides) were identical. In addition, studies
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conducted on DOB ICLs revealed that the reaction of 2’-deoxycytidines with hydroxylamine
was significantly less precise in our hands than that of other chemical probing reagents.
Consequently, C4-AP cross-link substrates were designed to be devoid of G-C base pairs
near the cross-link.

General Aspects of Chemical Reactivity Studies

Reactivities at all sites were calibrated in two ways. Reactions were conducted to low
conversion (single-hit conditions), and ratios of cleavage at a nucleotide of interest proximal
to the ICL relative to a distal position were recorded. In addition, reactivity at a given
position within an ICL was calibrated by comparison to that of the other ICL and a control
substrate lacking a cross-link. Reactions at dA, dG, and T were examined using diethyl
pyrocarbonate (DEPC), dimethyl sulfate (DMS), and potassium permanganate (KMnQy),
respectively. Reactivity at dC using hydroxylamine was used sparingly because of
unsatisfactory precision in many instances. (Please note that for the sake of convenience the
deoxy descriptor is dropped in the discussion below.) Similarly, hydroxyl radical cleavage
was not very useful for detecting differences in structure, and results using this reagent are
reported only for substrates that provide information about the reactivity of the abasic site
analogues themselves.

Chemical Reactivity of the DOB ICL Analogue

Reactivity of 5’-32P-b-1-3 was examined using DEPC and DMS (Figure 4). Reaction at A4
of the unobserved ICL (2) with DEPC (Figure 4C) was significantly greater than in the
duplex control, indicating a high degree of distortion at this position. In contrast, reaction at
A1y in the observed ICL (1), which is the cross-linked purine, was negligible. This suggests
that the abasic site analogue bonded to the N6 position hinders DEPC reaction at the N7
position. Per below, this was a general observation for the cross-linked positions in all of the
substrates. Reaction at G3 in the unobserved ICL (2) was still greater than that at the
corresponding nucleotide in 1, despite the greater distance from the cross-linking position
(Figure 4B). However, there was no enhanced reactivity in either cross-linked substrate
compared to that of the control duplex (3) at Aq4, indicating that any structural distortion
induced by the ICLs dissipated at that position (Figure 4A).

As mentioned above, reaction of 3/-32P-b-1-3 (Figure 5) with DEPC indicated that the 2’-
deoxyadenosine involved in the unobserved ICL (A1s in 2) was inaccessible. However, the
2’-deoxyadenosine adjacent to the cross-linked purine nucleotide (A15) in observed ICL 1
was ~2-fold more reactive than the comparable nucleotide in duplex DNA (3). At the same
time, the 2’-deoxyadenosine adjacent to the cross-linked purine nucleotide (A1g) in the
unobserved cross-linked substrate (2) was more reactive than the comparable position (A1s)
in the observed ICL (1) or A1g in the duplex (3). The greater reactivity at A1 in unobserved
ICL 2 compared to that of Aqg of 1, both of which are adjacent to the cross-linked dA, is
even more striking when one considers that the latter is opposite the abasic site, which
provides no opportunity for Watson—Crick base pairing. The difference in reactivity between
ICLs at Aq7 was negligible, but both were more susceptible to DEPC than the control duplex
(3). Enhanced reactivity at these positions could be due to fraying of the base paired
complement in 1 and 2. Fraying of the noncovalently bound strand may also contribute to
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the enhanced reactivity at T44 and T45 with KMnOy in cross-linked substrates 1 and 2
(Figure 6). This is particularly apparent at the 3’-terminus of the strand (T45) where
reactivity in either ICL is >6-fold greater than in control duplex 3. However, the reactivity in
the unobserved ICL (2) remains >6 times higher when the nucleotide (T44) is one nucleotide
further removed from the ICL. In comparison, reactivity at T4 in 5/-32P-t-1 is reduced to
~3-fold greater than in duplex 3.

In contrast, potassium permanganate reacts much more readily at T47 in the observed ICL
(3/-32p-t-1) than it does in the duplex control or the unobserved ICL (3/-32P-t-2). However,
Ty7 is still >6-fold reactive in 2 than it is in duplex 3 (Figure 7B). Evaluation of reactivity at
T,47 was unusual in that it was calibrated against cleavage at a different nucleotide (Gsy).
This was because cleavage at other thymidines distal from the cross-link within the 3’-arm
of the top strand in 1-3 was too low to reliably measure. The abasic site (X4g) also reacts
more readily with hydroxyl radical in the unobserved cross-link (3/-32P-t-2) than it does in
the analogue of the observed molecule (Figure 7A). However, both abasic sites react more
readily with hydroxyl radical than does the control duplex. Although reaction at Cyg is
indistinguishable in 3/-32P-t-1-3 due to the larger error (Figure 7C), the unobserved ICL (2)
is more susceptible to DMS treatment at G4g (Figure 7D) than either of the other substrates.
Reaction of Tgg is indistinguishable in the three substrates (data not shown), indicating that
any structural alteration in the ICLs has dissipated by that position.

Chemical Reactivity of the C4-AP ICL Analogue

As discussed above, reactivity on the 5’-arm in the bottom strand of the cross-linked C4-AP
analogue was examined (Figure 8) using longer substrates (11 and 12) but compared against
a shorter duplex (10) containing the same sequence in the relevant region. The reactivity of
the thymidines (KMnQy) and A’s (DEPC) bonded via the 5’-phosphate of the cross-linked A
was quantified. The cross-linked A (Ayg) in the analogue of the observed C4-AP ICL (11) is
protected against DEPC, whereas the respective nucleotide in the analogue of the
unobserved cross-link (12) is adjacent to the cross-linked position and is very reactive
(Figure 8C). The difference in reactivity between the observed (11) and unobserved (12)
ICL analogues rapidly dissipates. The unobserved ICL is only slightly more reactive at Tog
(Figure 8B), and the difference is negligible just two nucleotides further removed from the
cross-linked position [Ay7 (Figure 8A)].

The nucleotides bonded to the 3’-phosphate of the cross-linked dA [A4g in 8 (Figure 9A) and
T1g in 9 (Figure 9B)] were significantly more reactive than the control duplex (10). In each
instance, these are the positions adjacent to the cross-linked dA. However, the reactivity at
T1g in the observed C4-AP ICL analogue (8) was anomalously high (Figure 9B), and far
greater than that of the 5’-adjacent Ag, which is opposite the cross-linked abasic site.
Reaction at T1g of the observed ICL is also significantly greater than at Tg in the
unobserved C4-AP cross-link product. The reason for the hyperreactivity of T1g in 3/-32P-
b-8 is unknown. More enhanced reactivity in the unobserved ICL (9) relative to the analogue
of the observed ICL (8) is restored upon moving one nucleotide farther from the ICL [Ayg
(Figure 9C)], but the reactivities of the cross-linked substrates are indistinguishable at T»;
(data are not shown).
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The nucleotides in the 5’-arm of the top strands in the C4-AP ICL analogues are consistently
more reactive in the unobserved (5'-32P-t-9) cross-link substrate than in 8, which is designed
to model the observed cross-link (Figure 10). The differential reactivity was greatest at the
5’-adjacent nucleotide to the abasic site [Ag4 (Figure 10C)], where the extent of DEPC-
induced cleavage was more than 6 times greater in 9 than in the control duplex. With the
exception of reaction with hydroxyl radical (Figure 11A), the top strand in the unobserved
analogue (9) was also consistently more reactive than 8 on the 3’-side of the cross-link
(Figure 11). However, the differences in cleavage in 3/-32P-t-8 and 3/-32P-t-9 are
considerably smaller, and reactions of the abasic site analogues (Figure 11A) are
indistinguishable from one another, as well as with respect to the control duplex (3/-32p-
t-10). Overall, the C4-AP ICL analogues are significantly less reactive than the respective
DOB compounds (Figure 7A) with hydroxyl radical.

UV Melting Comparison of ICL Analogues

The UV melting temperatures of the observed and unobserved cross-links were measured at
1 uM at pH 7.0 in PIPES (10 mM), MgCl, (10 mM), and NaCl (100 mM). Two transitions
were observed for the DOB ICL analogue substrates [4 and 5 (Figure 12A)]. The lower-
temperature transition (Ty, 31.0 £ 0.3 °C for 4 and 28.1 + 0.6 °C for 5) corresponds to
melting of the noncovalently bound strand. As expected, the presence of this strand does not
affect the melting of the cross-linked strands [4 and 5 (Figure 12A) and 6 and 7 (Supporting
Information and Table 1)]. Importantly, the melting of the cross-link required a temperature
(~4 °C) for the observed ICL (4) considerably higher than that of the cross-link in which the
dA and abasic site are opposite one another (unobserved, 5).

A similar trend was observed when the C4-AP ICL analogues (13 and 14) were examined
(Figure 12B and Table 1). The substrate containing the cross-linked components opposite
one another (14), which represents the orientation that is not observed experimentally,
melted at a temperature ~1.7 °C lower than that for the orientation in which the cross-linked
dA is opposite the thymidine that is bonded to the 3’-phosphate of the abasic site (13).
Although the absolute temperatures for melting of the C4-AP analogue ICLs are lower than
those containing the DOB cross-link, the difference in Ty, between the observed (13) and
unobserved (14) is smaller in the former. This suggests that the C4-AP ICL analogue
imparts a smaller perturbation on the structure and stability of the DNA than the DOB cross-
link analogue.

DISCUSSION

Spontaneous interstrand cross-link formation by abasic sites, which require NER, increases
the potential biochemical impact of these DNA lesions.38 Reversible cross-linking to a dA
opposite a 3’-adjacent thymidine by C4-AP and DOB oxidized abasic sites occurs with very
high selectivity over other sequences (Scheme 2).12-15 Inspection of molecular models
(Figure 2) does not provide an obvious rationalization for this selectivity. Consequently, UV
melting experiments and chemical reactivity studies were conducted with stabilized
analogues of the ICLs to discern a difference in the stabilities of the isomeric cross-linked
molecules.
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In general, the cross-linked 2’-deoxyadenosine was unreactive with DEPC, and certainly less
reactive than a comparable nucleotide in duplex DNA. One possible explanation for this is
that the cross-linked abasic site model hinders approach to the N7 position of the cross-
linked dA and/or reduces its nucleophilicity. Another general observation is that the “top”
strands in the cross-linked substrates, which contain the abasic site analogues, tend to be
more reactive than the “bottom” strands containing the cross-linked dAs. This suggests
significant solvent exposure and structural disruption in the cross-linked strands containing
the abasic site analogues.

Although there are some exceptions, a comparison of the reactivity of the “observed” (e.g.,
1, 8, and 11) and “unobserved” (e.g., 2, 8, and 12) stabilized cross-link substrates (see also
Scheme 2) at individual nucleotides showed that the latter were consistently more reactive.
This is consistent with greater distortion of the unobserved cross-links than of the analogues
of observed ICLs. These inferential observations were corroborated by UV melting
measurements (Table 1) of stabilized analogues of C4-AP (13 and 14) and DOB (4 and 5)
ICLs. Substrates containing cross-links between opposing nucleotides melted at
temperatures 1.7-4.5 °C lower than those of the analogues of their “observed” counterparts.
Overall, UV melting temperatures and chemical reactivity of stabilized analogues of these
ICLs (Scheme 1) revealed that the preferred cross-links are more stable and their structures
less perturbed than those of comparable unobserved cross-linked substrates, providing a
rationale for their preferential formation.

A comparison of the reactivity in the respective “observed” ICL substrates relative to the
corresponding duplexes lacking the cross-link indicates that the DOB analogue induces a
greater overall enhancement (Figure 13A) than does the C4-AP-like lesion (Figure 13B).
The anomalous reactivity at T1g in 3/-32P-b-8 is the one outlier. This is especially true upon
comparison of the reactivity of the strands containing the abasic site analogues (“top”
strands). In particular, the abasic site analogue in the DOB substrate (Figure 7A) is
considerably more reactive than the respective C4-AP-type abasic sites (Figure 11A) with
hydroxyl radical. In addition, the thymidine opposite the cross-linked dA [X14 (Figure 13A)]
and the first two nucleotides in the flanking strand (T45 and T44) are far more reactive than
in the duplex. The greater reactivity at T44 and T45 in the DOB ICL may be attributed to
their higher level of breathing because they are in effect at the 3’-terminus of a duplex.
Overall, the greater reactivity suggests that cross-links derived from DOB perturb the
structure of DNA more than does C4-AP. This is consistent with the repair incision of DNA
containing the DOB ICL being more facile than that involving C4-AP by UvrABC, which
recognizes macroscopic distortions in the nucleic acid substrate.18-22
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ABBREVIATIONS
AP apurinic/apyrimidinic site
C4-AP C4/-oxidized abasic site
BER base excision repair
DOB 5/-(2-phosphoryl-1,4-dioxobutane)
dsb double-strand break
ICL interstrand cross-link
NER nucleotide excision repair
DMS dimethyl sulfate
DEPC diethyl pyrocarbonate
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Figure 1.
Abasic site structures.
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Figure 2.
Molecular model of C4-AP in a 5’-d(TXT)/(AAA) sequence (X = C4-AP).
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3-d(TCT GACss GisaT A ATsoGag CagTazYas TasTasC GCA ATzeC GGT AAT)
5-d(AGACTGg C AgT TAy;Cyp GiX{iA1s AsgAi;G CGT TA,3G CCA TTA)
1
3-d(TCT GACg5 GissT A ATsoGag CugTarYas Tas TasC GCA ATa5C GGT AAT)
5-d(AGACTGs C AgT TA;Ci2 Gi3AraXis AsgAr;G CGT TA,3G CCA TTA)
2
3-d(TCT GACss GissT A ATsoGag CagTarTas Tas T44C GCA AT54C GGT AAT)
5-d(AGACTGg C AgT TA;;C12 GisA1aArs ArsAr7G CGT TAG CCA TTA)
3
3-d(CGT AAT GCT YTT CGC AAT) 3-d(CGT AAT GCT \I( TT CGC AAT)
5-d(GCA TTA CG)QAA GCG TTA)  5-d(GCATTACGA )‘(_»"\A GCG TTA)
4 5
3-d(CGT AAT GCT /Y) 3-d(CGT AAT GCT }( )
5-d(GCATTACG MAA GCG TTA) 5-d(GCA TTACGA )\(_/}A GCG TTA)
6 £
3-d(CGA CTggAs7 GCG CCG TGTsg As7Tss Vs AsqTsgAs, TGC G4gCC Ty4s A G ACG TGC)
5-d(GCT G A5 Tg CGC GGC ACA;5 T1sWi7Ag T1gA2T21 ACG C GG Ang TooC TGC ACG)
8

3-d(CGA CTggAg; GCG CCG TGTsg AsyTss Vos AsiTszAso TGC G4gCC Tas A G ACG TGC)
5-d(GCT G Ag T CGC GGC ACA5 TisA1;Wig TigAxoTo1 ACG C GG Agg TzeC TGC ACG)
9
3-d(CGA CTggAs; GCG CCG TGTsg AsrTssTss AsiTsaAss TGC GagCC Tas A G ACG TGC)
5-d(GCT G As Ts CGC GGC ACAys Tr6A7Ar TroA2oT2y ACG C GG Agg ToeC TGC ACG)
10
3-d(CTG TAC CAT GACCGAC T A GCGCCGTG T A TV ATATGC GCC TAG ACG TGC GAG CTG GCT ACG)
5-d(GAC ATG GTA CTG GCT GA;;T15 CGC GGC ACAy; T WA TAT ACG CGG ATC TGC ACG CTC GAC CGA TGC)
1"
3-d(CTG TAC CAT GACCGAC T A GCGCCGTG T A T V ATATGC GCC TAG ACG TGC GAG CTG GCT ACG)
5-d(GAC ATG GTA CTG GCT GA,;T;5 CGC GGC ACA,; TogAoWs TAT ACG CGG ATC TGC ACG CTC GAC CGA TGC)
12

3-d(CGT GTA TVATAC GC) 3-d(CGT GTAT YATAC GC)
5'-d(GCA CAT WAT ATG CG) 5'-d(GCA CAT AWT ATG CG)
13 14
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Figure 3.
Cross-linked DNA substrates used in this study.
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Chemical reactivity of DOB ICL analogues in 5’-32P-b-1-3 with (A) DEPC at Ay, relative
to Ag, (B) DMS at Gq3 relative to Gg, and (C) DEPC at X14 relative to Ag (X =Ain 2 and 3,
and X = cross-linked A in 1). P values were calculated using the Student’s t test (four

replicates).
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Figure 5.
Chemical reactivity of DOB ICL analogues in 3/-32P-b-1-3 with DEPC at (A) X5 relative

to Apz (X=Ain 1and 3, and X = cross-linked A in 2), (B) Ay relative to Ay3, and (C) A7
relative to Ayz. P values were calculated using the Student’s t test (four replicates).
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Figure 6.

Chemical reactivity of DOB ICL analogues in 5-32P-t-1-3 with KMnOy at (A) Ty relative
to Tgg and (B) Tys relative to Tsg. P values were calculated using the Student’s t test (four
replicates).
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Figure 7.
Chemical reactivity of DOB ICL analogues in 3’-32P-t-1-3 at (A) Xug relative to Gs4 (X =T

in 3, and X = cross-linked abasic site in 1 and 2) with hydroxyl radical, (B) T47 relative to
Gy With KMnOy, (C) Cyg relative to Css with hydroxylamine, and (D) Ggag relative to Gsy
with DMS. P values were calculated using the Student’s t test (four replicates).
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Figure 8.
Chemical reactivity of C4-AP ICL analogues in 5’-32P-b-10-12 upon (A) reaction with

DEPC, (B) reaction with KMnOy, and (C) reaction with DEPC. P values were calculated
using the Student’s t test (four replicates).
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Chemical reactivity of C4-AP ICL analogues in 3/-32P-b-8-10 at (A) X1g relative to Ayg (X
=Ain8and 10, and X = cross-linked A in 9) with DEPC, (B) T1g relative to T,g with
KMnOy, and (C) Ay relative to Ayg with DEPC. P values were calculated using the

Student’s t test (four replicates).
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Figure 10.

Chemical reactivity of C4-AP ICL analogues in 5-32P-t-8-10 at (A) Asp relative to G4g with
DEPC, (B) Ts3 relative to T45 with KMnQy, and (C) Asy relative to G4g with DEPC. P
values were calculated using the Student’s t test (four replicates).
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Chemical reactivity of C4-AP ICL analogues in 3’-32P-t-8-10 at (A) Vs relative to Ag7 (X
=T in 10, and X = cross-linked abasic site in 8 and 9) with hydroxyl radical, (B) Tsg relative
to Tgg with KMnOQy, (C) Asy relative to Ag7 with DEPC, and (D) Tsg relative to Tgg with
KMnOy. P values were calculated using the Student’s t test (four replicates).

Biochemistry. Author manuscript; available in PMC 2016 October 13.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Ghosh and Greenberg

Figure 12.
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UV melt of (A) DOB ICL analogues (4 and 5) and (B) C4-AP ICL analogues (13 and 14).
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Nucleotide by nucleotide comparison of ICL reactivity relative to analogous duplex: (A)

DOB-containing ICL and (B) C4-AP-containing ICL.
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Scheme 1.
ICLs and Stabilized ICLs from C4-AP and DOB
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Table 1

UV Melting Temperatures of ICL Analogues

ICL analogue ICL Ty (°C)2
DOB observed (4) 69.8+0.8
DOB unobserved (5) 65.3+0.1
C4-AP observed (13) 59.1+£0.2

C4-AP unobserved (14) 57.4+0.4

a - .
Measurements are the average * the standard deviation of three independent measurements.
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