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ABSTRACT: C5′-Hydrogen atoms are frequently abstracted during
DNA oxidation. The oxidized abasic lesion 5′-(2-phosphoryl-1,4-
dioxobutane) (DOB) is an electrophilic product of the C5′-radical.
DOB is a potent irreversible inhibitor of DNA polymerase β, and
forms interstrand cross-links in free DNA. We examined the
reactivity of DOB within nucleosomes and nucleosome core particles
(NCPs), the monomeric component of chromatin. Depending upon the position at which DOB is generated within a NCP, it is
excised from nucleosomal DNA at a rate 275−1500-fold faster than that in free DNA. The half-life of DOB (7.0−16.8 min) in
NCPs is shorter than any other abasic lesion. DOB’s lifetime in NCPs is also significantly shorter than the estimated lifetime of
an abasic site within a cell, suggesting that the observed chemistry would occur intracellularly. Histones also catalyze DOB
excision when the lesion is present in the DNA linker region of a nucleosome. Schiff-base formation between DOB and histone
proteins is detected in nucleosomes and NCPs, resulting in pyrrolone formation at the lysine residues. The lysines modified by
DOB are often post-translationally modified. Consequently, the histone modifications described herein could affect the
regulation of gene expression and may provide a chemical basis for the cytotoxicity of the DNA damaging agents that produce
this lesion.

■ INTRODUCTION
Abasic sites (AP, C4-AP, L, DOB) are produced by a variety of
cytotoxic DNA damaging agents.1 Their structures, and in some
instances the mechanisms for their formation, have been
established by elegant studies.2−7 Elucidating the biochemical
consequences of these lesions provides insight into the
chemical basis for the cytotoxicity of the agents that produce
them.8,9 For instance, AP, C4-AP, and L are highly mutagenic,

and more recently interesting aspects of their chemical
reactivity have been uncovered.10−14 For example, AP, C4-
AP, and DOB yield DNA interstrand cross-links.15−21 Some of
these cross-links are misrepaired by bacterial nucleotide
excision repair in vitro and converted into double strand
breaks.22,23 In addition, the oxidized abasic lesions, C4-AP,
DOB, and L inactivate base excision repair enzymes.24−27

Histone proteins that make up chromatin also catalyze excision
of the electrophilic lesions, AP, C4-AP, and L.28−31 Herein, we
describe the histone-catalyzed excision of 5′-(2-phosphoryl-1,4-
dioxobutane) (DOB) in nucleosome core particles (NCPs) and
nucleosomes. Histone-catalyzed excision of DOB is the most
rapid process yet characterized involving these proteins and

studies in NCPs and nucleosomes reveal the dynamic nature of
the histone tail interactions with DNA.
Histone proteins are at the heart of chromatin in which

nuclear DNA is condensed. Chromatin is composed of NCPs
that are linked via 10−90 base pairs (bp) of DNA.32 The NCPs
consist of approximately 145 bp of DNA wrapped around an
octameric core of highly positively charged histone proteins.
The register of each base pair with respect to the histone
octameric core can be referred by its superhelical location
(SHL) relative to the dyad position (SHL 0), where the two-
fold axis of the octamer is (Figure 1A). Each turn of the duplex
corresponds to one unit change in the SHL. The histone
proteins contain lysine-rich, unstructured tails that protrude
from the core and interact with the DNA. Post-translational
modifications (PTMs) of the histone tails play an important
role in regulating genetic expression.33−35 Recently, the histone
tails have been shown to catalyze the excision of a variety of
abasic sites (AP, C4-AP, L).28−31,36 Strand scission is
accelerated as much as almost 500-fold compared to that in
free DNA. For instance, at SHL 4.7, the half-life of C4-AP is 14
min.31 The lysine residues on the tail from histone H4 play a
significant role in catalyzing the strand cleavage in the vicinity
of SHL 1.5 by not only forming a Schiff-base with C4-AP but
also facilitating β-elimination of C4-AP.31 In addition, histone-
catalyzed cleavage at C4-AP results in modification of the lysine
residue with an electrophilic lactam (1, Scheme 1) that contains
the same charge and oxidation state as an acetylated lysine.
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DOB is a minor product of DNA oxidation resulting from
hydrogen atom abstraction from C5′ of the DNA sugar
backbone.37 It is formed at the 5′-terminus concomitantly with
a strand break, making it unique among abasic lesions. When
formed by neocarzinostatin, the 3′-terminus of the proximal 5′-
fragment contains a labile formyl phosphate, which hydrolyzes
to a 3′-phosphate.7,38 Because it contains a β-phosphate leaving
group, DOB undergoes β-elimination to form highly reactive
cis- and trans-but-2-ene-1,4-dial (Scheme 2).39,40 In free DNA

DOB forms interstrand cross-links (ICLs) selectively with dA
opposite its 3′-adjacent nucleotide.21 DOB also irreversibly
inhibits DNA polymerases β and λ, two enzymes that are
involved in base excision repair. The lesion inactivates the lyase
activities of the enzymes by reacting with lysines involved in
Schiff-base formation.27,41 In this study, we investigated the

reactivity of DOB at specific sites within NCPs and for the first
time within nucleosomes. Including linker DNA while
investigating the reactivity of DNA lesions in a nucleosome
provides additional complexity that is present within the cell.

■ RESULTS AND DISCUSSION
Design and Preparation of NCPs and Nucleosomes

Containing DOB. DOB reactivity was examined in NCPs and
nucleosomes containing the 601 strong positioning sequence
by independently generating the lesion at specific sites from
2.42,43 The 601 sequence binds the histone octameric core
strongly, and the structure of the corresponding NCP was
characterized by X-ray crystallography.44 The precursor was
incorporated at three specific sites within the core particle
(Figure 1A). DOB was generated within the core particle at

SHL 1.5 (DOB89), SHL 4.5 (DOB119) and the dyad axis (SHL
0, DOB73). The 5′-adjacent DNA fragments were prepared
containing 3′-hydroxyl groups instead of the phosphate termini
likely resulting from treatment of DNA with damaging agents
such as neocarzinostatin. The DNA at SHL 1.5 is bent, is a
preferred binding site for DNA-damaging reagents and is close
to the lysine-rich N-terminal tail of histone H4.45−47 DNA
kinking in the region around SHL 4.5 severely disrupts base
stacking.44 SHL 4.5 is also in close proximity to the N-terminal
tails from histone H2A and H2B. The DNA is held more tightly
at the dyad region (SHL 0), but is not as closely positioned to
any N-terminal histone tails as at SHL 1.5 and 4.5.44,48

Because the strand containing DOB is already cleaved,
analyzing DOB reactivity in the ≥145-bp duplexes within NCPs
is technically more difficult than analysis of comparable
reactivity of AP, L, or C4-AP. The strands containing latent
DOB necessitate internal radiolabeling. In addition, restriction
enzymes were applied following the reaction to facilitate
separating DNA strands containing DOB from those without it
(Scheme 3). Hence, 32P-radiolabeling and the restriction site
were <17 bp from the DOB lesion.

The requisite DNA strands were PAGE-purified from the
reaction in which chemically synthesized oligonucleotides were
ligated.49 Hybridization of the strand containing DOB and the
flanking sequence with the complementary strand yielded the
requisite ternary complexes, which were reconstituted with
purified octamer prepared from histone proteins expressed in E.
coli to afford nucleosomes with 2 at specific sites.50 Hydroxyl
radical footprinting verified that the modified nucleotide had no
effect on the register of the DNA with respect to the histone
octameric core (Figures S11−S15).49

Figure 1. General structure features of a nucleosome core particle. (A)
Structural representation of one-half of the NCP (PDB: 1kx5).
Modified nucleotides are shown as red spheres. (B) Amino acid
sequence of histone H4 tail. (C) Amino acid sequence of histone H3
tail.

Scheme 1

Scheme 2

Scheme 3
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To prepare nucleosomes, the 601 sequence was extended on
both ends to accommodate the 46-bp linker DNA on each end
whose sequence was randomly designed (sequence in Figure
S1)49 DNA strands for nucleosomes from which DOB were
generated at positions 73 (DOB73) and 89 (DOB89) within the
core region were prepared in an analogous manner.49 The
unselective cleavage pattern by hydroxyl radical observed at the
first ∼40 nucleotides (nt) in the nucleosomes confirmed that
the two linker regions were unshielded and that the 601
sequence fully encompassed the histone octamer (Figures
S11−S15).49 Finally, DOB was incorporated at two sites within
the linker region that were 13 bp (DOB176) and 30 bp
(DOB159) away from the end of nucleosomal DNA (Figure 2).

DOB Reactivity in NCPs. DOB excision from nucleosomal
DNA exhibited first-order kinetics (Figure S16). The half-life of
DOB in NCPs depended upon its position, but was greatly
reduced in general compared to free DNA (Table 1). Among

the three positions investigated, DOB at SHL 1.5 (DOB89)
exhibited the shortest half-life of 7−8.5 min, depending upon
the flanking sequence, indicating that the latter has little effect
on the lesion’s reactivity in NCPs. The translational position
has little effect on the DOB half-life, which vary only ∼2-fold.
We did not examine the effect of rotational position within a
single helical turn on DOB reactivity. A previous study on AP
reactivity in NCPs indicated that the effect of rotational
position was modest (<3-fold), and considerably smaller than
the effect observed on deamination rates of photodimers
containing 5-methyl-2′-deoxycytidine.36,51
The rate constants for DOB decomposition in NCPs

represent between an ∼275- and 1500-fold shorter lifetime
than that in the corresponding free DNA. The rates of
disappearance of DOB at SHL 4.5 (DOB119) and DOB73 (SHL
0) are only approximately 2-fold slower than DOB89. The
variation of DOB reactivity between these four substrates is
small compared to the overall acceleration observed in NCPs
(∼275−1500-fold), suggesting that the presence of the lesion
in the NCP is more important than its rotational orientation. It

is unsurprising that ICL formation was not detected by
denaturing PAGE, because the rate constant for ICL formation
in free DNA (kICL = 2.6 × 10−5 s−1) is ∼100-fold slower than
kdec in the NCP.21

The half-life of DOB is the shortest among all the abasic
lesions (C4-AP, AP, and L) in 601 NCPs. Its accelerated
reactivity in NCPs is more similar to that experienced by C4-
AP (up to ∼550-fold)31 than for either AP (∼100-fold)28,29 or
L (up to ∼43-fold).30 Interestingly, a plot of the rate constants
for decomposition of various abasic sites at position 89 in
NCPs (kdec) versus reaction in free DNA (kDNA) shows good
linearity for AP, C4-AP and DOB, but not L (Figure 3). We
suggest that this indicates that AP, C4-AP, and DOB react via a
common mechanism (e.g., Schemes 1 and 5) but the lactone
(L89) does not react via a Schiff-base intermediate.28,31

DNA−Protein Cross-Links. Sodium borohydride quench-
ing, followed by SDS PAGE analysis indicated that DOB
generates transient DNA−protein cross-links (DPCs), as do AP
and C4-AP (Figure 4, Figures S26 and S27).28,29,31,36 The
maximum DPC yield was ∼30% for DOB89 and DOB73, and
∼20% for DOB119 (Figure 4A). The maximum DPC yields
were reached during the first half-life of the reactions (<5 min),
and decreased rapidly thereafter (Figure 4A). DPC formation is
proposed to result from Schiff-base formation between the
lesion and lysine residues in the histone proteins (Scheme 4).
The transient DPC formed by DOB resembles that from C4-
AP89, which reached a maximum yield of <20% in 40 min.31 In
contrast, the DPC formed by AP at the same site persisted for
more than 24 h.28,29

The intermediacy of DPCs in DOB excision was probed
further using NaBH3CN, which reduces Schiff-bases to
alkylamines (3 and 4, Scheme 4). On account of rapid DOB
reactivity, NCPs were photolyzed (5 min) in the presence of
NaBH3CN (100 mM) and the reactions were monitored by
SDS PAGE. The DPCs were formed in slightly higher yields
(40−50%) compared to when the reducing agent was absent,
and the yields remained relatively unchanged over time for
DOB89 and DOB119 (Figure 4B). DOB73 produced DPCs in the
highest yield (>60%) among the three DOB sites, but after
reaching a maximum at 5 min they gradually decreased to a
comparable level as at the other sites. The decomposition of
reduced DPCs formed at DOB73 could be attributed to the β-
elimination from 4 (Scheme 4). In addition, considering that

Figure 2. Generic structure of nucleosomes containing DOB in the
linker DNA region.

Table 1. Decomposition Kinetics of DOB as a Function of
Position within NCPs

DOB position
(SHL)

local
sequencea

kdec (×10
−3 s−1)

in NCPb
t1/2 (min) in

NCPb
t1/2 (h) in
free DNAc

89 (1.5) TXA 1.4 ± 0.2 8.5 ± 1.1 119 ± 6
73 (0) AXC 0.7 ± 0.04 16.8 ± 0.8 77 ± 5
119 (4.5) TXA 0.7 ± 0.1 16.5 ± 1.9 133 ± 6
89* (1.5) TXT 1.6 ± 0.1 7.0 ± 0.5 179 ± 7

aX = DOB. bRate constants are averages ± SD of three experiments,
each consisting of three independent reactions. cData were for a single
experiment consisting of three independent reactions. *indicates
different local sequence for DOB89.

Figure 3. Reactivity of DNA abasic sites at position 89 in NCPs within
601 DNA compared to in free DNA of the same sequence.
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DOB lesions are excised completely within 1 h, the relatively
low DPC yield (40−60%) suggests that trapping by NaBH3CN
was incomplete and/or that Schiff-base formation is not the
sole mechanism for DOB excision.
Identification of Histone(s) Involved in DPC Forma-

tion. The DPCs formed from DOB in the presence of
NaBH3CN were separated by SDS PAGE and the histone
proteins cross-linked to DOB were subjected to mass
spectrometry analysis following in-gel protease digestion. The
identities of cross-linked proteins were confirmed by comparing
the mass spectra with those obtained from wild-type (WT)
histone proteins. For instance, the same characteristic frag-
ments obtained from the single DPC band produced in a NCP
containing DOB89 (Figure 5B) and the WT histone H4 (Figure
5A) indicated that DOB89 mainly cross-linked with this protein.
This observation is consistent with the crystal structure that
reveals that the N-terminal tail from histone H4 protrudes

between the two DNA gyres in close proximity to position 89
(Figure 6).44 In addition, studies on the reactivity of AP and
C4-AP in NCPs indicated that the H4 tail predominantly
interacts with the abasic sites at the same position.28,29,31

In contrast, one major and two minor bands were observed
on SDS PAGE gels from reactions of NCPs containing DOB119
(Figure S19), indicating that multiple proteins form cross-links
with the lesion at this position. However, only the protein in
the major band could be identified, and it was determined to be
histone H2A, whose N-terminal tail is in the vicinity of position
119 (Figure S17).44,49 The reactions on NCPs with DOB73
yielded multiple DPC bands (Figure S19). Attempts to identify
the cross-linked proteins were unsuccessful. We attribute this to
the broader distribution of cross-linked proteins that yielded
quantities of individual products below the detection limit of
our mass spectrometer.

Role of Histone H4 Lys Residues in Catalyzing DOB89
Reactivity. To probe the role of specific residues on the
histone H4 tail (Figure 1B) in reacting with DOB89, the
reactions were carried out on NCPs containing various histone
H4 variants. Substituting five lysine residues in the H4 tail
(Figure 1B) with arginines, which retained the overall charge of

Figure 4. Time-dependent DPC formation from DOB at three
positions within NCPs in the absence (A) or presence of (B)
NaBH3CN.

Scheme 4
Figure 5. MALDI-TOF mass spectra of peptide fragments obtained
from in-gel acetylation and trypsin digest of (A) WT histone H4 and
(B) the DPC produced by DOB89. (The range of amino acids
corresponding to each peptide is in parentheses.) (C) Peptide
sequences and respective calculated m/z.
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the tail but reduced its basicity and nucleophilicity, decreased
the rate of DOB decomposition within the nucleosomes
containing DOB89 by ∼8-fold (Figure 7). When all of the

nucleophilic residues in the histone H4 tail were mutated
(Lys5,8,12,16,20 to Arg and His18 to Ala), the reactivity of
DOB89 was further reduced, with the half-life ∼15 times longer
than that with WT histone proteins. However, this leaves the
majority (∼50-fold) of the accelerated DOB excision
unaccounted for. This is in contrast to the reactivity of AP89
where histone H4 variants reveal that this protein’s tail is
responsible for all but ∼5-fold acceleration of an overall ∼100-
fold increase in reactivity within NCPs.29,36 However, the
inability to quench the acceleration of DOB excision by
removing nucleophilic/basic residues from the proximal histone
H4 tail is similar to what was observed when these same
experiments were carried out on NCPs containing C4-AP89.

31

DOB and C4-AP share a common 1,4-dicarbonyl motif and
both are significantly more reactive in NCPs than AP (Figure
3). It is possible that factors other than Schiff-base formation
contribute to the acceleration of DOB and C4-AP decom-
position (see below).
Fate of DOB89. Schiff-base formation decreases the pKa of

the proton at C2 of DOB, facilitating the β-elimination
(Scheme 5). Based upon previous reports we hypothesized that

DOB was transferred in its entirety to the histone protein upon
the elimination at its 3′-phosphate.25,31,41 To test this proposal,
the four histone proteins were purified by HPLC following
incubation of NCP containing DOB89 and characterized by
mass spectrometry. Consistent with DPC formation (Figure 5),
only modification of histone H4 was detected. This protein
contained two additional ions, which were 66 and 84 Da greater
than the unmodified protein (Figure S21).49 The differences in
molecular weight were consistent with the formation of adducts
6 and 5 (Scheme 5), respectively. To achieve higher resolution,
the purified H4 obtained from the NCP containing DOB89 was
subjected to protease digestion. MALDI-TOF MS analysis
following thermolysin digestion, which cleaves proteins at the
amino termini of hydrophobic residues, revealed that the 20-
amino acid N-terminal tail was the only region modified. Two
fragments (amino acids 1−9 and 10−20) whose masses were
increased by 66 Da compared to the unmodified ones were
observed (Figure S22).49 Trypsin digestion following the
acetylation of lysine residues cleaved at the carboxyl group of
unmodified lysine and arginines. This treatment generated two
modified peptide fragments (amino acids 20−23 and 4−17,
Figure S23).49 The increased mass (24 Da) was consistent with
the mass difference between 6 and an acetyl group, suggesting
that Lys 20 and at least one of Lys 5, 8, 12, and 16 were
involved in the reaction with DOB. Digestion of the modified
H4 protein by Lys C (which hydrolyzes specifically at the
carboxyl side of unmodified lysines) gave rise to a new peak
whose mass was 66 Da greater than that of the unmodified
peptide fragment 13−20 (Figure 8). The absence of the
corresponding fragment in WT H4 digestion (Figure S24A)
was due to cleavage at unmodified Lys 16, indicating that Lys
16 was modified by pyrrolone (6) in the NCP.

Figure 6. Proximity of histone H4 tail to nucleotide 89 in the vicinity
of SHL 1.5. Proximal lysine residues are shown as spheres (PDB:
1kx5).

Figure 7. Effects of mutated histone H4 on the reactivity of DOB89 in
NCPs.

Scheme 5

Figure 8.MALDI-TOF mass spectrum of peptide 13−20 (calcd m/z =
975.1220) of modified histone H4 protein digested by Lys C. K* = 6.
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Specific modified sites were further identified via LC-MS/MS
analysis of histone H4 digested by various proteases. For
instance, the mass of the peptide fragment 9−16 from the Lys
C digest on modified histone H4 was 66 Da greater than the
fragment from the unmodified one. In addition, the
fragmentation pattern detected by LC-MS/MS affirmed
Lys12 as the modification site (Figure 9A, Table S1). Similarly,

the mass of the fragment consisting of amino acids 20−23 was
66 Da greater than the one from WT histone H4, which was
also observed from MALDI-TOF MS analysis of the in-gel
trypsin digest. The fragmentation pattern of the peptide
indicated modification on Lys 20 (Figure 9B, Table S1). The
above results clearly indicate that DOB89 was removed in its
entirety from DNA and transferred to multiple lysine residues,
including K12, K16, or K20 in the N-terminal tail from histone
H4. The modified fragment 1−9 from thermolysin digest
(Figure S22) suggests that K5 and/or K8 are modified by
pyrrolone 6. However, the specific modification site(s) cannot
be determined due to the lack of LC/MS/MS information.
Similar analysis of NCPs containing C4-AP89 identified K8 as
the modification site in addition to K12, K16, and K20, but not
K5.31,52

The unnatural covalent modification of lysine residues in
histone protein tails by DNA lesions could have deleterious
consequences on cell signaling as post-translational modifica-
tions of these residues are crucial for regulating gene
expression.53,54 For instance, acetylation on Lys 16 of H4
(H4K16) prevents condensation of nucleosome arrays into

higher-order chromatin fiber.55,56 Pyrrolone modification 6
shields the ε-amino group’s positive charge, as does acetylation.
Therefore, such a modification on H4K16 may pass a false
signal downstream. Furthermore, methylation on H4K20 plays
an important role in signaling DNA damage and mediating cell
cycle arrest by recruiting checkpoint protein Crb2.57−59 Cell
cycle arrest provides sufficient time for the repair of DNA
damage before replication resumes. The pyrrolone modification
(6) on H4K20 produced by DOB may block DNA damage
signaling and prevent the DNA repair enzymes from localizing
at the site of damage by disrupting histone H4 binding to Crb2.
Failure to induce cell cycle arrest can result in replication of
damaged DNA, which is highly mutagenic. Acetylated H4K12
correlates with euchromatic structure,60 and sumoylation of the
same residue also disrupts chromatin compaction and
oligomerization.61 Modification 6 on H4K12 may disrupt the
acetylation or sumoylation of the residue, resulting in
misregulation of the dynamics of chromatin structure. These
are just some of the growing number of examples of lysine
modifications that affect downstream biochemical events.33,34

Given that pyrrolone 6 is generated from a DNA lesion
produced by chemotherapeutic agents, histone modification by
DOB could contribute to the chemical basis for the cytotoxicity
of such molecules.

Effect of Linker DNA on DOB Reactivity within the
Core Region. Although the NCP is a useful model to
investigate the behavior of DNA lesions in chromatin, canonical
corehistone tail-DNA interactions cannot be fully realized in
this structure.62,63 Consequently, we examined the reactivity of
DOB73 and DOB89 in nucleosomes containing linker DNA.
The half-life for DOB89 excision in the NCP and nucleosome
were within experimental error of one another (Table 2). These

data suggest that the linker DNA did not interrupt the
interactions between DOB89 and the histone H4 tail. This
observation was corroborated by examining the effect of
histone H4 variants on DOB89 reactivity in nucleosomes. The
mutagenesis results paralleled those from the corresponding
NCP. Substituting five lysine residues in the H4 tail with
arginines (K5,8,12,16,20R) reduced the DOB decomposition
rate by ∼7-fold (Table 2). Moreover, substituting the
K5,8,12,16,20R/H18A H4 variant in the nucleosome led to a
DOB half-life that was ∼17 times longer than when the WT
protein was present. The comparable decreases induced by
histone H4 variants with or without linker DNA (Figure 7)
suggest that histone H3 does not interact with DOB89, even in
the absence of nucleophilic residues on the H4 tail.
The effect of the DNA linker region on DOB reactivity was

also studied at the dyad position (Table 2). Even though no N-

Figure 9. Peptide mapping of (A) fragment 9−16 obtained from Lys
C digest and (B) fragment 20−23 from trypsin digest of H4 from
NCP containing DOB89. K* = 6.

Table 2. Effects of Linker Regions on DOB Reactivity

position of
DOB
(SHL)

DNA
sequence H4 variant

t1/2 (min) in
NCPa

89 (1.5) no linker WT 8.5 ± 1.1
89 (1.5) with linker WT 6.5 ± 1.2
89 (1.5) with linker Lys5,8,12,16,20Arg 44.5 ± 6.7
89 (1.5) with linker Lys5,8,12,16,20Arg/His18Ala 109.8 ± 8.3
73 (dyad) no linker WT 16.8 ± 0.8
73 (dyad) with linker WT 10.7 ± 0.4

aRate constants are averages ± SD of at least two experiments, each
consisting of three independent reactions.

Journal of the American Chemical Society Article

DOI: 10.1021/jacs.5b05478
J. Am. Chem. Soc. 2015, 137, 11022−11031

11027

http://pubs.acs.org/doi/suppl/10.1021/jacs.5b05478/suppl_file/ja5b05478_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.5b05478/suppl_file/ja5b05478_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.5b05478/suppl_file/ja5b05478_si_001.pdf
http://dx.doi.org/10.1021/jacs.5b05478


terminal tail from a histone protein is in close proximity to
DOB73, cross-linking experiments using an electrophilic probe
revealed interactions between the dyad position and histones
H2A, H3, and H4.52 However, such interactions may depend
on the presence of the linker region. The C-terminal region of
H2A interacts with DNA near the dyad position of a NCP but
switches to contact the site near the edge of the core particle in
nucleosomes or oligonucleosomes in which linker DNA is
present.64 Any shift of the histone tail from the dyad to the
linker DNA should result in decreased DOB reactivity.
However, in the presence of the linker DNA, DOB73
decomposed at a slightly higher rate than in the corresponding
NCP (Table 2), making it ∼500-fold faster as compared to that
in the free DNA (t1/2 = 90.4 ± 4.4 h). The fact that linker DNA
did not decrease the DOB reactivity at the dyad suggested that
the linker regions did not interrupt the interactions between
histones and dyad position and/or there were no interactions
between linker DNA and the histone proteins.
Reactivity of DOB within the Linker DNA. To clarify

whether linker DNA interacts with any of the histone N-
terminal tails, and to determine how such interaction affects the
DOB reactivity, we incorporated the DOB lesion at DOB159
and DOB176 (Figure 2). DOB within the linker region
decomposed more slowly than it did in the intranucleosomal
DNA, although the reaction was still faster relative to that in the
free DNA. For instance, DOB159, which is 13 bp away from the
core domain, decomposed much more slowly (t1/2 = 44.4 ± 4.8
min, Figure 10) than when the lesion was within the core

particle (t1/2 = 8.5 min for DOB89, Table 1). However, DOB159
is still excised 135 times faster than in the corresponding free
DNA (t1/2 = 99.6 ± 4.1 h).
DOB176 is 30 bp away from the core, and exhibited (t1/2 =

190.8 ± 12.6 min, Figure 10) 4-fold lower reactivity than
DOB159. However, this was still 46-fold faster than in the
corresponding free DNA (t1/2 = 147.1 ± 7.5 h). Excision rates
for DOB in the nucleosome’s linker DNA are much closer to
those observed for the lesion in the NCP core (e.g., DOB89)
than they are to in free DNA, suggesting that the histone
proteins contribute to reaction in this region as well. The higher
rate of excision at DOB159 than DOB176 is also consistent with
histone protein participation because cross-linking experiments
indicate that the histone tails should interact more strongly with
the region containing the former.62

To determine which histone tail(s) contributes to the
increased DOB reactivity within the linker region, we moni-
tored the DOB reactivity in nucleosomes composed of tailless
histone proteins. The half-life of DOB176 was unaffected by
removing either the H3 or H3 and H4 tails (Figure 10),
suggesting no interactions between histone tails and the
oxidized abasic site at this position. In contrast, the half-life
of DOB159 was extended 2-fold (t1/2 = 95.4 ± 0.2 min) in the
absence of the H3 tails. Deleting the histone H4 tail had no
additional effect on DOB159 reactivity (Figure 10). These
observations suggest that DOB159 within the linker region
interacts exclusively with the tail from histone H3. The histone
H4 tail was not involved in DOB159 excision, even in the
absence of the H3 tail. However, the histone H3 tail accounts
for only ∼2-fold of the 135-fold increase in DOB159 reactivity in
free DNA. Much like when DOB (and C4-AP)31 are
intranucleosomal, the factors contributing to the remaining
∼65-fold acceleration are uncertain (see below).
Direct evidence for interaction between DOB159 and histone

H3 was obtained by mass spectrometry. Histone H3 was
separated from the other histone proteins by SDS PAGE after
incubating the nucleosome containing DOB at this position.
The protein was subjected to in-gel digestion by Lys C or
trypsin, followed by MALDI-TOF MS or LC-MS/MS analysis
respectively (Figure 11). Digestion of the modified H3 protein
by Lys C, which hydrolyzes at the carboxyl side of unmodified
lysine residues, yielded a peptide fragment 1−9 (m/z 1125.88,

Figure 10. Effects of tailless histone proteins on the reactivity of
DOB159 and DOB176.

Figure 11. Modification of Lys4 by DOB159. (A) MALDI-TOF mass
spectrum of modified histone H3 digested by Lys C (calcd m/z =
1125.297). (B) LC-MS/MS analysis on fragment 3−8 obtained from
trypsin digest of modified histone H3. K* = 6.
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Figure 11A) whose mass was 66 Da greater than its unmodified
counterpart (data not shown). The absence of the peptide
fragment 1−9 in the Lys C digestion of the WT histone H3
suggested that Lys4 (as opposed to Lys9) was the position
modified (Figure S24B). Lys4 modification (H3K4) was
confirmed by the LC-MS/MS analysis of the mixture obtained
from trypsin digestion, in which the fragment containing amino
acids 3−8 was 66 Da higher than the corresponding unmodified
one. Moreover, the modified Lys4 was identified by the MS/
MS fragmentation pattern of this peptide (Figure 11B, Table
S1). Although the N-terminal histone tails are not visible in the
NCP crystal structures, compelling evidence indicates that
histone tails adopt stable conformations upon binding DNA
and such structures are altered and rigidified by PTMs.65−67

Taking the predicted α-helical structure (amino acids 16−26,
Figure 1C) into account, the total length of the 37-amino acid
N-terminal histone H3 tail is expected to be ∼113 Å, assuming
that the tail is fully extended beyond the 10-amino acid α-
helical domain (1.50 Å/amino acid for α-helix structure, versus
∼3.63 Å/amino acid for fully extended chain).66,68 DOB176 is
expected to be ∼105 Å away from the core domain (1 bp ≈ 3.4
Å). Therefore, only the three most distal H3 tail amino acids
(Ala, Arg, and Thr) are expected to interact with DOB176. In
contrast, amino acids 1−21 (∼47.4 Å away from the core) in
histone H3 tail are expected to reach DOB159, which is ∼47.6 Å
from the edge of core particle. Hence, besides Lys 4, Lys 9, 14,
and 18 could potentially interact with DOB159. However, only
modification of Lys4 was detected.
Post-translational modification of H3K4 plays multiple roles

in regulating genetic expression. For instance, trimethylated
H3K4 modulates the proper transcription of the gene
(MET16) that encodes for a 3′-phosphoadenylsulfate reductase
in yeast by recruiting Isw1p, an ATP-dependent chromatin
remodeler.69 Methylated H3K4 also associates with acetyl-
transferase complexes, which indicates that it has a role in
transcriptional activation.70 In contrast, the trimethylated H3K4
also serves as a binding platform for the recruitment of histone
deacetylase complexes to induce the “closed” form of
chromatin in response to DNA damage.71 The seemingly
conflicting functions imply that methylated H3K4 is involved in
multiple aspects of the histone code for regulating cell
signaling.72 Given the complex multifunctional role that
methylated H3K4 has, the pyrrolone modification (6) on this
residue, which does not resemble any methylated form of lysine
in terms of shape or charge may disrupt the recruitment of
proteins and adversely affect cell signaling.
Other Factors Contributing to Accelerated DOB

Reactivity in Nucleosomes and NCPs. Kinetic studies on
AP89 utilizing WT and mutant variants of histone H4 revealed
that the Lys (5) and His residues in the tail region accounted
for all but ∼5-fold of the ∼100-fold acceleration of the lesion’s
reactivity in NCPs.36 In contrast, ∼50-fold of the accelerated
reactivity of DOB89 was unaccounted for in NCPs composed of
K5,8,12,16,20R/H18A H4 (Table 1, Figure 7). Similarly,
DOB176 undergoes β-elimination 46-fold faster in the
nucleosome than in the corresponding free DNA. However,
mutagenesis and mass spectrometry experiments provided no
evidence for direct histone interactions with this position in the
linker DNA (Figure 10). These observations suggest that
factors other than intranucleosomal protein interactions
contribute to the accelerated DOB reactivity
We investigated whether random interactions between

unbound histone octamer present in solution could account

for part of the increased DOB reactivity. Consequently, excess
carrier DNA (salmon sperm DNA) was added during
nucleosome reconstitution as an attempt to remove any free
histone octamers from the nucleosome solution. When the
carrier DNA was in 1-fold excess of the histone octamers, the
half-life of DOB176 (t1/2 = 4.1 ± 0.1 h) increased compared to
that without the additional salmon sperm DNA (t1/2 = 3.2 ±
0.2 h). However, the reactivity was not affected further when 2-
fold excess of carrier DNA to the histone octamer was present
(t1/2 = 4.5 ± 0.2 h). In a complementary approach, the
nucleosome solution was diluted following reconstitution to
weaken any internucleosomal interactions. Maintenance of the
integrity of the nucleosomes upon dilution was verified by
native PAGE (Figure S28).49 The reactivity of DOB176 in the
nucleosome was reduced by ∼3-fold (t1/2 = 8.9 ± 0.3 h) upon
diluting the solution 10-fold. These results suggest that
intermolecular interactions between free histone octamers and
nucleosomal DNA account for a small portion of the
accelerated DOB excision rate within the nucleosomes.
However, most of the ∼50-fold acceleration of DOB reactivity
still remains unaccounted for.
For comparison, AP was incorporated at position 176. The

requisite duplex DNA containing precursor was prepared as
described previously.29 In contrast to DOB, nucleosomal DNA
containing AP176 underwent cleavage (t1/2 = 352 h, Figure S29)
only ∼3-fold faster than AP sites do in free 145-bp DNA (t1/2 ≈
1000 h).29 This comparison suggests that accelerated DOB
reactivity in nucleosomes that is not accounted for by specific
histone interactions is due to chemical properties that are
distinct from AP.

■ CONCLUSIONS
5′-(2-Phosphoryl-1,4-dioxobutane) (DOB) is a lesion produced
by a variety of exogenous DNA damaging reagents including
ionizing radiation and the enediyne family of anticancer
antibiotics. We observed that DOB is far more reactive in
nucleosomes and nucleosome core particles (NCPs) than it is
in free DNA. DOB reacts as much as 1,500-fold more rapidly in
nucleosomes, depending upon the site where it is generated.
The DOB half-life is on the order of minutes in all instances,
making it the most reactive abasic lesion yet reported on in
nucleosomes or NCPs. Given the repair rate of AP in cells and
the fact that DOB inactivates the repair enzymes Pol β and λ,
the reaction of DOB in nucleosomes and NCPs likely competes
with repair of the lesion.25,27,41,73 The electrophilicity of DOB
leads to rapid reaction with proximal histone tails, resulting in
transient DNA−protein cross-links (DPCs). The accelerated
DOB reactivity within nucleosomes and NCPs partially results
directly from these reactions. Moreover, such interactions lead
to an unnatural modification (6) of the lysine residues within
histone tails. The short half-life for DOB in nucleosomes may
contribute to the lack of detection of the lesion in cells. These
experiments suggest that searching for histone modification 6
may be a more fruitful exercise for indirectly detecting
intracellular DOB production.
If formed in cellular DNA, modifications such as 6 could

disrupt the homeostasis of post-translational modifications
(PTMs). Disrupting PTMs in chromatin has drastic effects,
resulting in various cancer types and muscular dystrophy.74−76

The pyrrolone modification on lysine residues (6) yields the
same lysine side chain charge as acetylation. However, its
structure is dissimilar with any natural modification on lysines.
Thus, this unnatural modification may interfere with the
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binding of proteins on lysine residues, which could disrupt cell
signaling. These effects underscore the potential importance of
the discovery that DOB generates an unnatural modification on
specific lysine residues in histone tails, as it may provide
connection between the cytotoxicity of anticancer drugs and
the DNA damage they produce.
This report also provides the first description of the reactivity

of an abasic lesion in the linker DNA of a nucleosome. The
greater accessibility of linker DNA in chromatin can result in
preferential damage in this region by DNA damaging
agents.45,77 DOB is excised more slowly within the linker
region of nucleosomes than it does in the core domain of
nucleosomes, but is still 46−135-fold more reactive than in free
DNA. Kinetic measurements using histone variants and mass
spectrometry data corroborate the interactions between the
histone H3 tail and the DOB lesion in the linker region located
13 nt away from the core particle. Such interactions are partially
responsible for its increased reactivity and also yield the
pyrrolone modification (6) in the histone H3 tail. These
modifications also have potentially significant biological
ramifications and it is important to determine whether they
are produced in cells.
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