1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
Chem Res Toxicol. Author manuscript; available in PMC 2019 December 17.

-, HHS Public Access
«

Published in final edited form as:
Chem Res Toxicol. 2018 December 17; 31(12): 1364-1372. doi:10.1021/acs.chemrestox.8b00244.

Oxidation of 8-ox0-7,8-dihydro-2’-deoxyguanosine leads to
substantial DNA-histone cross-links within nucleosome core
particles

Jing Bail, Yinggian Zhang?, Zhen Xil, Marc M. Greenberg3, and Chuanzheng Zhout:2

1State Key Laboratory of Elemento-Organic Chemistry and Department of Chemical Biology,
College of Chemistry, Nankai University, Tianjin 300071, China

2Collaborative Innovation Center of Chemical Science and Engineering (Tianjin), Tianjin 300071,
China

3Department of Chemistry, Johns Hopkins University, 3400 N. Charles St., Baltimore, MD 21218,
USA

Abstract

8-Ox0-7,8-dihydro-2’-deoxyguanosine (8-oxodGuo) is a common primary product of cellular
oxidative DNA damage. 8-OxodGuo is more readily oxidized than 2’-deoxyguanosine (dG); a
two-electron oxidation generates a highly reactive intermediate (OG%%), which forms covalent
adducts with nucleophiles, including OH™, free amines, and the side chains of amino acids such as
lysine. We determined here that K3Fe(CN)g oxidation of 8-oxodGuo in nucleosome core particles
(NCPs) produces high yields, quantitative (/.. 100%) in some cases, of DNA-protein cross-links
(DPCs). The efficiency of DPC formation was closely related to 8-oxodGuo base pairing and
location within the NCP and was only slightly decreased by adding the DNA-protective polyamine
spermine to the system. Using NCPs that contained histone mutants, we determined that DPCs
result predominantly from OG®* trapping by the A-terminal histone amine. The DPCs were stable
under physiological conditions and therefore could have important biological consequences. For
instance, the essentially quantitative yield of DPCs at some positions within NCPs would reduce
the yield of the mutagenic DNA lesions spiroiminodihydantoin and guanidinohydantoin produced
from the common intermediate OG®*, which in turn would affect mutation signatures of oxidative
stress in a position dependent manner. In summary, our findings indicate that site-specific
incorporation of 8-oxodGuo into NCPs, followed by its oxidation, leads to DPCs with an
efficiency depending on 8-oxodGuo location and orientation. Given that 8-oxodGuo formation is
widespread in genomic DNA and that DPC formation is highly efficient, DPCs may occur in
eukaryotic cells and may affect several important biological processes.
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Introduction

Due to its relatively low redox potential, guanine is the most susceptible to oxidative damage
among the four canonical DNA nucleobases. A broad range of oxidants, including hydroxyl
radical, singlet oxygen and other one-electron oxidants, produce one of several modified
nucleotides from dG. 8-OxodGuo is a common primary oxidation product and is a widely
recognized biomarker of cellular oxidative damage.: 2 The presence of 8-oxodGuo in
genomic DNA results in mutagenesis upon replication and cell division,3 4 but cells have
evolved a repair system to restore dG.5-8 In addition, 8-oxodGuo has been recognized as an
epigenetic-like regulator, showing the capability of regulating gene transcription via base
excision repair.9: 10

The redox potential of 8-oxodGuo is even lower than that of dG, and the lesion rapidly
reacts with oxidants, such as superoxide radicals and various organic radicals (rate constant
of 108 M1 s71)1L. 12 generating a radical (8-oxodGuo - H)* (Scheme 1A). In the presence of
excess one electron oxidant, the lifetime of (8-oxodGuo - H)* is only seconds, and is itself
proposed to undergo one electron oxidation to furnish OG°*.11 In free DNA OG®% undergoes
rapid hydrolysis to produce spiroiminodihydantoin (Sp, when pH =7) and
guanidinohydantoin (Gh, when pH < 7).13-15 Sp and Gh are stable under physiological
conditions but lead to DNA cleavage upon hot piperidine treatment.14 16. 17 Recently, Sp
and Gh were detected in the range of 1-7 lesions per 108 nt in mice.18 Although their levels
are nearly 100 times lower than the 8-oxodGuo, Sp and Gh are more mutagenic.192! The
mutagenic effects of Sp and Gh are mitigated by base and nucleotide excision repair
pathways, for which they are substrates.®

Primary amines including 1,4-diaminobutane and the e-amine of lysine trap OG°*,
generating Sp adducts as the major products under physiological conditions (Scheme 1B).
22-26 The side chain of tyrosine, a weaker nucleophile, has also been demonstrated to react
with OG® to form a tricyclic adduct (Scheme 1C).27 Similarly, two-electron oxidation of 8-
oxodGuo containing oligonucleotides in the presence of DNA binding proteins yields DNA-
protein cross-links (DPCs) via reaction of nucleophilic amino acid side chains with OG®X,
24, 28,29 The yields of DPCs are dependent on the oxidants and proteins employed, and
lysine-rich proteins have been found to be particularly well suited for DPC formation.23: 25

Oxidatively damaged nuclear DNA is a potentially excellent substrate for DPC formation.
Chromosomal DNA is assembled in nucleosomes, in which it is tightly bound to octameric
cores of histone proteins.3% Although it is generally believed that histones protect DNA from
damage,3! a broad range of chemicals do damage DNA in nucleosome.32 33 Furthermore,
the oxidative damage of guanine via charge transfer was found to be as effective in
nucleosome as in free DNA.34 The histones are lysine-rich, especially in their Atterminal
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tails. These lysines are amenable to dynamic modifications such as methylation, acetylation
and ubiquitylation,3® that modulate nucleosome structure and gene expression.36 The
nucleophilicity of the e-amino group of lysine makes it integrally involved in the reactivity
of damaged DNA within nucleosome core particles (NCPs). For example, we have
demonstrated that lysine residues catalyze DNA cleavage at abasic sites (APs) within NCPs
by forming lysine-AP cross-linked intermediates.3” 39 More recently, Tretyakova et al. and
we independently showed that DPCs are generated between the 5fC aldehyde and the
primary amines within histones.40: 41 In the present study, we demonstrate that site-specific
incorporation of 8-oxodGuo into NCPs, followed by /n situ oxidation leads to DNA-histone
cross-links in high, sometimes quantitative yield. The formation mechanism and properties
of this type of DPC have been investigated.

MATERIALS AND METHODS

Materials

Native and 8-oxodGuo containing oligonucleotides were purchased from Shanghai Sangon
Biotech Co. Ltd. dsDNAs (145 bp) were prepared by ligating short oligonucleotides, as
previously described40. Expression and purification of mutant histones were carried out
according to reported protocols38: 42, Gels were visualized using an Amersham Typhoon Gel
and Blot Imaging System with excitation and emission at 488 and 525 nm respectively.

Reconstitution of NCPs

Salmon sperm DNA (1 ug), 145 bp dsDNA (30 pmol) and histone octamer (149.5 pmol)
were combined in a Slide-A-Lyzer MINI Dialysis Unit (3500 MWCO, Thermo Scientific,
Prod. #69550) in a final volume of 100 ul containing 2 M NaCl. The dialysis unit was placed
inside another dialysis bag, filled with ~20 ml buffer (2 M NaCl, 10 mM HEPES pH 7.5, 0.1
mM PMSF). This was placed into 2 L of low-salt buffer (81 mM NaCl, 10 mM HEPES, pH
7.5,0.1 mM PMSF) and dialyzed overnight at 4 °C. The sample was incubated at 37 °C for
2 h and any precipitate formed was pelleted by a 5 min spin at 7,000 g. The solution was
then transferred to a fresh siliconized tube. To determine the extent of reconstitution, a small
aliquot was removed and analyzed by nucleoprotein gel electrophoresis (10 x 8 x 0.15 c¢m,
5% (wi/v), acrylamide/bisacrylamide, 59:1, 0.6 x TBE buffer, run at 4 °C using 0.2 x TBE
buffer). All reconstituted nucleosome core particles were stored at 4 °C and used directly in
the following studies.

As a control experiment, dsDNA containing 8-oxodGuo8? (30 pmol) in HEPES buffer (10
mM, pH 7.5) was treatment with K3Fe(CN)g (final concentration 10 mM) at 37 °C for 12 h.
The oxidized DNA was directly employed for NCP reconstitution according to the
procedure stated above.

General procedure for time course experiments monitoring 8-oxodGuo oxidation and DPC
formation in NCPs

To a solution of NCP was added K3Fe(CN)g (final concentration 10 mM). The reaction was
incubated at 37 °C for the duration of the time course experiment. Aliquots were removed at
appropriate times and split into two portions. One was quenched by adding EDTA (final
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concentration 10 mM) and analyzed by 10% (w/v) SDS PAGE (10x10x0.1 cm, acrylamide/
bisacrylamide 29:1 (w/w), 5% (w/v) stacking layer). To the other was added 5 pg of
proteinase K, followed by incubation at room temperature for 10 min. Then an equal volume
of 2 M piperidine (final concentration 1 M) was added, followed by incubation at 90 °C for
30 min. The sample was subjected to desalting using PD SpinTrapTM G-25 column. After
lyophilization, it was analyzed by 8% (w/v) denaturing PAGE analysis. Visualization of gel
was carried out using an Amersham Typhoon Gel and Blot Imaging System with excitation
and emission at 488 and 525 nm respectively. Analysis of images was performed using
ImageQuant software. The yields of 8-oxodGuo oxidation and yields of DPC formation are
plotted against time and data were fitted to a single-phase exponential curve using the
equation Y = Yynax (1 — € Kypsh). The rates are reported in Table 1.

For experiments in the presence of spermine, spermine (final concentration 1 mM) was
added to the NCP solution just before adding K3Fe(CN)s.

Identification of histone cross-linked following 8-oxodGuo89 oxidation.

K3Fe(CN)g (final concentration 10 mM) was added to NCP-8-0xodGuo®9/C (NCP
containing a single 8-oxodGuo at position 89 and a dC opposite the 8-oxodGuo89), followed
by incubation at 37 °C overnight. The sample was concentrated using an Amicon Ultra
centrifugal filter (3K MWCO) and analyzed by 10% (w/v) SDS-PAGE. The DPC band
(identified by UV254 nm shadow) was excised from the gel, subjected to in-gel tryptic
digestion, and analyzed by UPLC-MS/MS, as described*?.

Ethylamine treatment of DPC

To a solution of NCP-8-0xodGuo89/T (20 ul) was added KzFe(CN)g (final concentration 10
mM). After incubation at 37 °C for 12 h, 10 ul was removed for 10% (w/v) SDS PAGE
analysis. Ethylamine (final concentration 10 mM) was added to the remaining sample, and
incubated at 37 °C for 2 h. The components were separated by 10% (w/v) SDS PAGE.

Hot piperidine treatment of DPC

K3Fe(CN)g (final concentration 10 mM) was added to NCP-8-oxodGuo89/T (100 pl). After
incubating at 37 °C for 12 h, an aliquot (10 pl) was removed for later analysis by 10% (w/v)
SDS PAGE and 8% (wi/v) denaturing PAGE. An equal volume of 2 M piperidine (final
concentration 1M) was added to the remaining solution, followed by incubation at 90 °C for
30 min. The mixture was subjected to desalting using PD SpinTrap™ G-25 column. After
lyophilization, it was analyzed by 10% (w/v) SDS PAGE analysis. The two bands
corresponding to single strand break and uncleaved 145 bp dsDNA were excised separately
from the gel and eluted overnight in 0.4 ml of elution buffer (0.2 M NaCl, 1 mM EDTA)
containing 0.05% (w/v) SDS. The slurry was filtered. To the filtrate was added 1 pg of
salmon sperm DNA, followed by ethanol precipitation. The residues were subjected to 8%
(w/v) denaturing PAGE analysis.
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Results and Discussion

Preparation of 8-oxodGuo containing NCPs

NCPs were prepared by reconstituting 145 bp naked DNAs with recombinant Xenopus
Jaevis histone octamer. The DNA sequences are based on ‘601" DNA, which is well known
to form stable, well positioned NCPs.#3 8-OxodGuo containing 145 nt single-stranded DNA
molecules, bearing a 5’-FAM fluorescence label, were prepared by enzymatic ligation of
chemically synthesized oligonucleotides. After purification by denaturing PAGE, they were
annealed with complementary DNA to furnish 145 bp dsDNAs containing a single 8-
oxodGuo modification (Figure S1). The 8-oxodGuo containing DNA molecules were
successfully reconstituted into NCPs via the salt dialysis method. To examine the impact of
location on cross-link formation, 8-oxodGuo was introduced at positions 89, 73 and 137
(Figure 1A). Position 89 is located in superhelical location (SHL) 1.5. The DNA at SHL 1.5
is bent, and is readily accessible to DNA-damaging molecules.**: 45 The dyad region (SHL
0, position 73) is located furthest from the lysine-rich histone tails. Position 137 (SHL 7) lies
at the entry/exit site of the nucleosome and has the weakest contact and the most freedom to
unwind from the histone core. Electrophoretic mobility shift assay demonstrated that
regardless of modification position, the yields of reconstitutions were > 95% (Figure S2).

DPC formation

Selection of one-electron oxidant.—The ability of several one-electron oxidants,
including NayIrClg, NayIrBrg, and K3Fe(CN)g, to oxidize 8-oxodGuo to OG®* in free DNA
is well established.16: 25 1deally, an oxidant should have the capability of oxidizing 8-
oxodGuo but not detrimentally impact the histone proteins. To select a one-electron oxidant
for selectively oxidizing 8-oxodGuo to OG®* in NCPs, the histone octamer was treated with
different concentrations of NayIrClg, NayIrBrg or K3Fe(CN)g. Subsequent SDS-PAGE
analyses showed that NasIrClg and NaslrBrg led to degradation of the histones even when
the oxidant concentration was 1 mM, whereas histones withstood K3Fe(CN)g up to 10 mM
(Figure S3). In addition, 8-oxodGuo containing NCP remained as an integrated complex
after treatment with 10 mM K3Fe(CN)g for 12 h at 37 °C (Figure S2). Hence, 10 mM
K3Fe(CN)g was used for 8-oxodGuo oxidation in NCPs in the following studies.

DPC Formation.—NCP-8-oxodGuo8%/C (NCP containing a single 8-oxodGuo at position
89 opposite dC) was employed for examining the possibility of DPC formation upon
oxidation of 8-oxodGuo8°. SDS PAGE analysis following reaction with KzFe(CN)g for 3 h
revealed a new slower migrating DNA product (Lane 4 in Figure 1B). Proteinase K
treatment converted this product to free DNA that migrated more rapidly through the gel
(Lane 5 in Figure 1B), suggesting that it is a covalent DPC. In contrast, treatment of native
NCP (lacking 8-oxodGuo® modification) with KsFe(CN)g did not yield any DPCs (Lane 1
in Figure 1B). DPCs also were not observed following incubation of NCP-8-0xodGuo89/C in
the absence of K3Fe(CN)g (Lane 3 in Figure 1B). These results indicated that DPC
formation is attributed to the oxidized 8-oxodGuo in DNA. Furthermore, if ‘601’ DNA-8-
ox0dGuo89/C was oxidized by KzFe(CN)g prior to NCP reconstitution, no DPC was
observed after incubation of the reconstituted NCP (Lane 2 in Figure 1B). These
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observations indicate that OG®%, and not its hydrolyzed product Sp, reacts with histones to
form DPCs.

The time-dependent DPC formation following NCP-8-oxodGuo89/C oxidation followed first
order kinetics (Figure 1C & D). The DPC yield plateaus at around 30% after ~6 h. In view
of the report that 8-oxodGuo oxidation in free DNA results in hydrolysis products Sp and
Gh within minutes,14 15 our observations suggest that /7 situ generated OG®% in a NCP is
more resistant to hydrolysis than in free DNA. It is known that two-electron oxidation of 8-
oxodGuo, followed by hot piperidine treatment results in DNA cleavage.1® We found that
hot piperidine treatment of DPC led to DNA strand scission at the 8-oxodGuo site as well,
and this is addressed in detail below. Hence, hot piperidine treatment, followed by 8% (w/v)
denaturing PAGE analysis, was employed to quantify the yields of 8-oxodGuo oxidation by
K3Fe(CN)g in NCPs. After addition of K3Fe(CN)g to NCP-8-0x0dGuogg/C, 10 minutes is
sufficient for 8-oxodGuo8? oxidation to reach a maximum (around 31%), and the oxidation
yields remain constant during incubation (Figure 1D). The ratio of final DPCs% (at plateau)
to initial 8-oxodGuo oxidation% (after 10 min incubation), 0.97 in this case, was adopted to
denote the efficiency of DPC formation (Eppc) after 8-oxodGuo oxidation (Table 1). The
data indicate that oxidized 8-oxodGuo®9/C leads to almost quantitative DPC formation in
NCPs.

Impact of base pairing and 8-oxodGuo location on DPC formation

Effects of 8-oxodGuo/A and 8-oxodGuo/T mispairs on 8-oxodGuo oxidation
and DPC formation.—In addition to cytosine, 8-oxodGuo base pairs with the other three
native nucleobases.*6 Consequently, DPC formation upon 8-oxodGuo oxidation in NCPs
containing an 8-oxodGuo®/A or 8-0xodGuo®/T mismatch was investigated. 8-OxodGuo
oxidation in NCP-8-0xodGuo89/A and NCP-8-0xodGuo®/T (Table 1 & Figure S5) is
remarkably more efficient than in NCP-8-oxodGuo8%/C, suggesting that mismatches
facilitate 8-oxodGuo oxidation by K3Fe(CN)g in NCPs. It has been reported that an 8-
oxodGuo/A mismatch confers a profound local flexibility and significantly reduces the
barrier to base extrusion of the lesion.# In addition, one-electron 8-oxodGuo oxidation is
strongly governed by solvent accessibility, and the 8-oxodGuo/A mispair is about 2.5 times
more reactive than the 8-oxodGuo/C base pair in free DNA.8 Therefore, it is likely that in
NCPs, mismatches render 8-oxodGuo more accessible and thus more susceptible to
K3Fe(CN)g oxidation.

Following 8-oxodGuo oxidation, the efficiency of DPC formation in both NCP-8-
ox0dGuo89/A and NCP-8-oxodGuo89/T is close to 1 (Table 1). Hence, regardless of matched
or mismatched base pair, oxidized 8-oxodGuo®? in a NCP produces DPCs in nearly
quantitative yield. This result highlights the determinant role of base pairing on 8-oxodGuo
oxidation but its marginal impact on DPC formation efficiency in NCP.

Effect of 8-oxodGuo location and orientation on DPC formation.—It is known
that superhelical location and rotational orientation significantly impact damaged DNA
reactivity in NCPs.40. 49-51 Herein, NCP-8-oxodGuo’3/C and NCP-8-0x0dGuo37/C were
employed for addressing the effect of 8-oxodGuo location and orientation on DPC
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formation. The yield (48%) of 8-oxodGuo oxidation in NCP-8-oxodGuo’3/C was higher
than that of NCP-8-0xodGuo®/C (31%). However, the DPC yield in NCP-8-oxodGuo’3/C
was only 6% (Table 1 & Figure S5), which resulted in a remarkably decreased Eppc (0.13).
For NCP-8-0x0dGuo!37/C, the yield of oxidation 8-oxodGuo was comparable to 8-
oxodGuo89/C, but the efficiency of DPC formation (Eppc = 0.51) was only half of the latter.

Itis likely that 8-oxodGuo location and orientation in NCP affects the oxidation efficiency.
8-oxodGuo’3/C, which is located at the dyad region and is less shielded by histone tails,
exhibited the highest oxidation efficiency. In addition, 8-oxodGuo’3 is exposed to the
solvent (Figure 1A), thus it may be more accessible to oxidant than 8-oxodGuo89 which
contacts directly with the histone core and is more shielded from solvent.

After 8-oxodGuo oxidation, the DPC formation is significantly affected by its location and
orientation. Eppc of NCP-8-0x0dGuo89/C (0.97) is ~7.5 times greater than that of NCP-8-
oxodGuo’3/C (0.13). Taking into account the fact that position 73 is furthest from all histone
tails (Figure 1A), the low efficiency of DPC formation for NCP-8-oxodGuo’3/C is likely due
to the lower effective concentration of nucleophilic groups on histones at this location,
which reduces their ability to compete with attack by H,O on the oxidized lesion. In
contrast, 8-oxodGuo8® and 8-oxodGuol3” are proximal to the A-terminal tails of H4 and H3
respectively, and exihibited higher Eppc upon oxidation.

Taken together, both location and rotational orientation of 8-oxodGuo in a NCP are very
important in dictating DPC yield. The solvent accessibility of 8-oxodGuo varies remarkably
with its location and orientation in a NCP, which makes oxidation of 8-oxodGuo by
K3Fe(CN)g dependent on both superhelical location and rotational orientation. On the other
hand, the proximity of histone tails in a specific location directly determines the Eppc for
the oxidized lesion.

Identification of proteins and amino acids responsible for DPC formation

To identify the histone(s) responsible for DPC formation with 8-oxodGuo8?, the DPC band
obtained from NPC-8-0x0dGuo89/C was subjected to in-gel tryptic digestion. Subsequent
UPLC-MS/MS analysis identified the protein as histone H4 (Figure S6). This result is
consistent with the crystal structure of a NCP containing the ‘601" DNA sequence in which
position 89 is in close proximity to the Aterminus of histone H4.43 Nucleophilic functional
groups in the A-terminal tail of H4 include the terminal a-amino group, the e-amine of five
Lys residues, the hydroxyl group of one Ser and the imidazole of one His. In an attempt to
shed light on which amino acid(s) is responsible for DPC formation, histones recovered
from nuclease treated DPC were subjected to tryptic digestion and peptide mapping with the
hope that one or more modified peptides would be detected. However, this effort failed to
provide valuable information. We thus turned to an alternative approach utilizing mutant and
modified histones.38. 40

Yields of 8-oxodGuo oxidation and DPCs in NCP-8-0xodGuo89/C containing various H4
mutants were measured (Table 1 & Figure S7 & 8). An interesting observation is that the A-
terminal tail of H4 appears to play some role in modulating 8-oxodGuo8® oxidation in the
NCP. Deleting the whole tail dramatically decreases the yield of oxidation by more than
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50%. In contrast, mutating all five Lys residues to Arg in the tail results in a slight increase
in the yield of 8-oxodGuo® oxidation by K3Fe(CN)g. One explanation for this observation
could be that mutations render greater flexibility and more exposure of 8-oxodGuo to the
oxidant by changing the DNA-protein interaction. However, this is unlikely given that these
mutations in the H4 A-terminal tail have been demonstrated to bring about insignificant
influence on the ‘601 NCP structure.3”: 38 Another explanation is that the positively charged
tail chelates Fe(CN)g3" through electrostatic interaction, and enhances the oxidation rate by
increasing the effective concentration of the oxidant. Protein promoted oxidation by
Fe(CN)g® has been observed previously.>?

Deleting the A-terminal tail (1-20 residues, Del 1-20) also significantly reduced the DPC
formation efficiency (Eppc) from 0.97 to 0.33 (Table 1). This result corroborates the prior
evidence that the lysine-rich A~terminal tail of H4 is responsible for DPC formation with
0G®% 89, Mutating all Lys residues in the tail to Arg (K5,8,12,16,20R) had no obvious effect
on Eppc, indicating that either the lysines are not responsible for DPC formation, or that
arginines and other residues compensate for their absence. Further mutation of the lone Ser
in the H4 tail to Ala (S1A-K5,8,12,16,20R) decreased the Eppc to 0.78; whereas additional
mutation of His18 to Ala (§1A-K5,8,12,16,20R-H18A) had little if any additional impact on
the Eppc. Overall, none of these mutants revealed the major nucleophile responsible for
DPC formation. However, capping the A-terminal amine histone H4 with thiazolidine
(CapN)*? reduced Eppc in the NCP-8-0x0dGuo®9/C to 0.17, even lower than that in a NCP
containing a H4-Del 1-20 mutant. This suggested that the A-terminal amine group is the
major nucleophile responsible for trapping OG®*. Other residues are not reactive enough to
compete with trapping by water and are unable to compensate for the absence of N-terminal
amine group. Combining capN with the K5,8,12,16,20R mutations led to no further change
in Eppc, again strongly indicating that Lys and Arg are not significantly involved in DPC
formation.

Taken together, histone mutation studies suggest that in NCPs, the A-terminal amine group
is the predominant site for reacting with OG®* to yield a Sp type adduct (Scheme 2A). The
preferential reaction of the A-terminal amine with OG®* is similar to the recently reported
reactivity of 5fC,%0 but distinct from the reactivity of other electrophilic DNA lesions with
histone nucleophiles in NCPs.37=39 For instance, we previously demonstrated that the e-
amino groups of proximal Lys residues in the histone tail play a dominant role during strand
scission catalysis at abasic (AP)37: 3853 and C4’-oxidized (C4-AP) abasic sites3® in NCPs
by forming transient DPCs via nucleophilic attack on the carbonyl groups of the lesions
(Scheme 2B). The predominant role of Lys in these processes was validated using histone
mutants and MS/MS analysis. The observation made here are more similar to those
involving 5-formylcytosine (5fC). We found that 5fC yields transient DPCs in NCPs via
imine bond formation between the formyl function of 5fC and the A-terminal amine of
histone.*? Capping the histone Atterminal amine lead to a more significant decrease in DPC
yield than Lys to Arg mutations, suggesting that the A~terminal amine is a more potent
nucleophile than the lysine e-amine for attacking the 5-formyl group of 5fC in NCPs.

The present study, once again, highlights the greater contribution of the histone A-terminal
amine to DPC formation. One factor that may attribute to the higher reactivity of A~terminal
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amine over lysine is its lower pK; (~8) than that of the e-amino group of lysine (pK; value
~10). This would give rise to a higher concentration of the nucleophilic A~terminal amine
than the e-amino group of lysine near neutral pH.>* %5 However, the pK; value difference
doesn’t account for why internal Lys residues are more reactive than the A-terminal amine
with abasic lesions in NCPs. One plausible explanation is that ring opening of AP, revealing
an aldehyde group, is a prerequisite for nucleophilic attack by the amine (Scheme 2B).
Neighbouring amino acid residues around internal Lys, and the Lys residues themselves may
play some role in catalysing the ring opening of AP, as well as the subsequent elimination
step, and thus facilitate DNA scission. The neighboring residue participation effect may be
less profound for the A-terminal amine group. Hence, the A-terminal amine of histone is not
as potent as the e-amino group of lysine to react with abasic lesions in NCPs.

DPC Stability

Given the high yield of DPC formation in NCP-8-0x0dGuo®9/T (Table 1), it was employed
for further DPC characterization. Ethylamine (10 mM) was added after oxidation and
incubation to allow for DPC formation, followed by incubation at 37 °C for 2 h. SDS-PAGE
analysis showed that the yield of DPC was unchanged (Figure 2A), suggesting that the DPC
in NCP does not undergo exchange with other nucleophilic amines. Similarly, the DPC was
stable to heating at 90 °C (Figure 2B).

Two-electron oxidation, followed by hot piperidine treatment produces DNA strand breaks
at the original 8-oxodGuo site.1# 16 Similarly, treatment of DPCs formed upon oxidation of
NCP-8-0x0dGuo89/T with 1 M piperidine at 90 °C for 30 min resulted in release of protein
from the DNA, and concomitant strand scission at the DPC formation site (Figure 3). Hence,
once 8-oxodGuo is oxidized in the NCP, hot piperidine treatment leads to strand scission
regardless whether a DPC has formed. Piperidine (1 M) treatment at 90 °C for 30 min was
thus employed for quantifying the yield of 8-oxodGuo oxidation by one-electron oxidant in
NCPs. It should be noted that the half-lives for cleavage of Sp and Gh with 1 M piperidine at
90 °C are 73 and 32 min respectively.1” Hence, DNA containing Sp and Gh will be
incompletely cleaved under the conditions employed herein, which may lead to an
underestimation of the yield of 8-oxodGuo oxidation when Sp and Gh are generated as the
major final products following 8-oxodGuo oxidation.

Effect of polyamine on DPC formation in NCP

Polyamines such as spermine exist in millimolar concentrations in the nucleus. Spermine has
similar pK; values as the histone A-terminal amine,>8 and has been reported to form adducts
efficiently with OG* generated in free DNA.22 To examine whether spermine affects DPC
formation in a NCP by competing for the reactive intermediate OG%, its effect on DPC
formation in NCP-8-0x0dGuo®/T was studied. We found that greater than 1 mM spermine
decreases the stability of NCPs (Figure S9), suggesting that spermine interacts with
nucleosome DNA even in the presence of 10 mM K3Fe(CN)g. In the presence of 1 mM
spermine, the DPC yield decreased slightly (Figure 4). This observation was understandable
given that the primary amine groups of spermine have similar pKj values as that of e amine
of Lys,>" and thus are not likely to compete for the oxidized 8-oxodGuo with the N-
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ternminal amine. Hence, DPC formation from 8-oxodGuo oxidation can be expected to still
occur in nuclei where millimolar concentrations of polyamines are present.

CONCLUSIONS

This study demonstrates that site-specific incorporation of 8-oxodGuo into NCPs, followed
by K3Fe(CN)g oxidation leads to DNA-histone cross-links. DPC formation efficiency is
dependent on the 8-oxodGuo location, orientation and nucleotide opposite the lesion.
Multiple factors determine the solvent accessibility of 8-oxodGuo in NCPs, and thus affect
the yield of 8-oxodGuo oxidation by K3Fe(CN)g. For example, in the same location, 8-
0x0dGuo89/T and 8-oxodGuo8%/A mismatches are more susceptible to oxidation than an 8-
ox0dGuoB9/C base pair. Oxidation of 8-0xodGuo’3/C, located at the dyad axis of the NCP
and on the outer side of the core particle, where there is less shielding of solvent by histones,
is more efficient than oxidation of the less exposed 8-o0xodGuo89/C. Once oxidized, the
propensity of DPC formation is dependent on the availability of histone tails in the vicinity
of the oxidized 8-oxodGuo. Using NCPs containing modified histones, we demonstrated that
the N-terminal amine of the histone is the predominant nucleophile that traps OG®* to form
a DPC.

There are a number of potential biological ramifications of these observations. Given that the
N-terminal tails of histones are susceptible to epigenetic modifications and thus actively
regulate chromatin structure and gene expression,3% 38 DPC formation between the histone
tails and oxidative 8-oxodGuo may result in an interference or crosstalk with epigenetic
regulation. Furthermore, the DPCs are stable under physiologically relevant conditions and
therefore may interrupt DNA metabolic processes such as replication, transcription and
chromatin remodeling.>8 These effects could result in cumulative cell toxicity and elicit
subsequent cell responses such as apoptosis. Alternatively, this type of DPC could be
recognized and repaired by cellular repair systems. Base excision repair (BER) has been
demonstrated to be effective for some types of lesions in nucleosomes.>9-51 However, we
found hOGG1, which is responsible for excising 8-oxodGuo in eukaryotic cells, cannot
remove the DPC in a nucleosome core particle (data not shown). However, we cannot rule
out the possibility that this type of DPC could be repaired by DPC repair systems, such as
the DPC-processing protease reported recently.52 Finally, the dependency of DPC formation
efficiency from 8-oxodGuo oxidation on nucleosomal position, could affect whether a
particular 8-oxodG is transformed to a DPC or to Sp/Gh following oxidation, which in turn
could affect mutation signatures of oxidative stress. Taking into account the essential DPC
formation following 8-oxodGuo oxidation, the extent of 8-oxodGuo oxidation in eukaryotic
cells could be underestimated through quantifying the level of Sp/Gh.

In view of the widespread formation of 8-oxodGuo in genomic DNA, its relatively facile
oxidation by endogenously generated reactive oxygen species,! 63 and high efficiency for
DPC formation upon oxidation even in the presence of polyamines, we envision that DPC
formation via oxidized 8-oxodGuo may occur in eukaryotic cells. The DPCs may engage in
regulating biological processes such as epigenetic modification, chromatin remodeling,
transcription, DNA repair, and cell apoptosis. The significance of these potential
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biochemical effects beg the question concerning the fate of this type of DPC, and therefore
encourage us to further examine its biological function /n vitroand in vivo.
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Scheme 1.

Oxidation of guanine to OG®* and covalent adduct formation via nucleophilic attack.
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Scheme 2.
Proposed mechanism of DPC formation in NCP for OG®* (A) and abasic sites (B).
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The efficiency of DPC formation upon oxidation of 8-oxodGuo in NCPs.

Table 1.

DNA sequence  H4 mutantsin NCP Oxidation%[ai DPC% Eppc
wr 4 31+4 30+1 097
Del 1-20 14 12+5 41 033
K5,8,12,16,20R [4 3746 381 1
8-0x0dGuo®®/C SlA—K5,8,12,16,20R[ﬁ 28+8 22+1 078
S1A-K5,8,12,16,20R-H18A (9 41210 25+1 061
capn [/h 35+2 6+1 017
CapN- K5,8,12,16,20RI1 28+3 6x2 021
8-oxodGuo®yA  WT 46+ 3 50+1 1
8-ox0dGuUOt/T ~ WT 57+4 54+3 095
8-oxodGuo™/C ~ WT 48 +5 6+1 0.13
8-ox0dGuUo’/C  WT 35+ 12 18+3 051

2]

deviations of at least two experiments.

1],
Ic],
I,

Wild-type histone H4.

DPC = DPC%/oxidation%.

[e]H4 with Lys 5, 8, 12, 16, 20 to Arg mutations.

n
9]
ml,
1/

H4 with Ser 1 to Alaand Lys 5, 8, 12, 16, 20 to Arg mutations.

4 with capped N-terminal by thiazolidine.
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H4 with Ser 1 to Ala, Lys 5, 8, 12, 16, 20 to Arg and His 18 to Ala mutations.

H4 with both capped N-terminal and Lys 5, 8, 12, 16, 20 to Arg mutations.

istone H4 without the N-terminal 1-20 amino acids. The sequence of N-terminal tail of is SGRGKGGKGLGKGGAKRHRK.
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oxidation% is the initial 8-oxo-dGuo oxidation yield (after 10 minutes incubation using 10 mM K3Fe(CN)g). Yields are averages + standard
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