
Histone tails decrease N7-methyl-2′-deoxyguanosine
depurination and yield DNA–protein cross-links in
nucleosome core particles and cells
Kun Yanga, Daeyoon Parkb, Natalia Y. Tretyakovac, and Marc M. Greenberga,1

aDepartment of Chemistry, Johns Hopkins University, Baltimore, MD 21218; bDepartment of Biochemistry, Molecular Biology and Biophysics, University of
Minnesota, Twin Cities, Minneapolis, MN 55417; and cDepartment of Medicinal Chemistry, University of Minnesota, Twin Cities, Minneapolis, MN 55417

Edited by Cynthia J. Burrows, University of Utah, Salt Lake City, UT, and approved October 18, 2018 (received for review August 6, 2018)

Monofunctional alkylating agents preferentially react at the
N7 position of 2′-deoxyguanosine in duplex DNA. Methylated
DNA, such as that produced by methyl methanesulfonate (MMS)
and temozolomide, exists for days in organisms. The predominant
consequence of N7-methyl-2′-deoxyguanosine (MdG) is widely be-
lieved to be abasic site (AP) formation via hydrolysis, a process
that is slow in free DNA. Examination of MdG reactivity within
nucleosome core particles (NCPs) provided two general observa-
tions. MdG depurination rate constants are reduced in NCPs com-
pared with when the identical DNA sequence is free in solution.
The magnitude of the decrease correlates with proximity to the
positively charged histone tails, and experiments in NCPs contain-
ing histone variants reveal that positively charged amino acids are
responsible for the decreased rate of abasic site formation from
MdG. In addition, the lysine-rich histone tails form DNA–protein
cross-links (DPCs) with MdG. Cross-link formation is reversible and
is ascribed to nucleophilic attack at the C8 position of MdG. DPC
and retarded abasic site formation are observed in NCPs randomly
damaged by MMS, indicating that these are general processes.
Histone–MdG cross-links were also detected by mass spectrometry
in chromatin isolated from V79 Chinese hamster lung cells treated
with MMS. The formation of DPCs following damage by a mono-
functional alkylating agent has not been reported previously.
These observations reveal the possibility that such DPCs may con-
tribute to the cytotoxicity of monofunctional alkylating agents,
such as MMS, N-methyl-N-nitrosourea, and temozolomide.
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DNA alkylation is a ubiquitous process effected by anticancer
agents and mutagens. A variety of exogenous agents that

methylate DNA, such as methyl methanesulfonate (MMS) and
N-methyl-N-nitrosourea (MNU), are widely used as research
tools in cells (1–4). Others, such as temozolomide and dacar-
bazine, are currently used to treat cancer (5, 6). Although the
relative amounts of different types of methylation products from
alkylating agents vary, N7-methyl-2′-deoxyguanosine (MdG) is
formed in the greatest amounts (60–80%) (7). MdG is also long-
lived, with in vivo half-lives on the order of days, providing ample
time for it to affect cellular chemistry (8–10). Despite being a
major product of methylating agents, MdG itself is often thought
of as a nontoxic and nonmutagenic DNA lesion (2, 7). The re-
activity of MdG and its biological effects have largely been as-
cribed to slow hydrolysis (depurination) in duplex DNA resulting
in the formation of cytotoxic and mutagenic abasic sites (AP, Fig.
1A). To the best of our knowledge, investigations on MdG re-
activity have only been carried out using free DNA (11). We now
report that MdG reactivity in nucleosome core particles (NCPs)
differs significantly from that in free DNA in two respects. First,
hydrolysis is significantly retarded in NCPs. Importantly, we also
discovered that MdG directly reacts with histone proteins to
form DNA–protein cross-links (DPCs), a deleterious form of
DNA damage not previously ascribed to simple monoalkylation

adducts. DPC formation between histone proteins and MdG was
also observed in MMS-treated V79 Chinese hamster lung cells.
Intracellular DPC formation from MdG could have significant
biological effects.
Compared with other DNA lesions, MdG minimally perturbs

duplex structure (12). The steric effects of N7-methylation within
the major groove are minimal, and the aromatic planar structure
is maintained. Although the Watson–Crick hydrogen bonding
pattern of dG is retained, recent structural studies raise the
possibility that tautomerization encouraged by N7-methylation
may increase DNA polymerase promiscuity during replication
of templates containing MdG (12). N7-Alkylation encourages
secondary reactions, and MdG produces N-methyl for-
mamidopyrimidine (MeFapy•dG) following nucleophilic attack
at the C8 position, and abasic sites (AP) via hydrolysis of the
glycosidic bond (13). Although MeFapy•dG formation typically
occurs at high pH, AP sites are observed in naked DNA under a
variety of conditions in multiple sequence contexts. The half-life
for depurination ranges from 69 to 192 h under physiologically
relevant conditions (pH 7–7.4, 37 °C) (11). Despite the modest
rate of MdG hydrolysis, AP formation is believed to be the
primary source of cytotoxicity from this lesion (7). However,
most studies on MdG have been carried out in free DNA. Hu-
man cellular DNA is organized in chromatin and is closely as-
sociated with proteins. Histone proteins that make up the
octameric core of nucleosomes in chromatin are known to react
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with other DNA lesions (14–18). For instance, DNA cleavage or
excision at AP and oxidized abasic sites is increased as much as
1,500-fold in NCPs compared with free DNA via transient DPC
formation (19). Some transient abasic site–histone DPCs ulti-
mately result in histone modifications (15, 19). Other DNA le-
sions, such as oxidized 8-oxo-7,8-dihydro-2′-deoxyguanosine, or
oxanine form stable DPCs (20–22). In the present work, we
speculated that the proximity of histone proteins in NCPs may
affect MdG reactivity under physiologically relevant conditions,
leading to the formation of secondary lesions.

Results
Preparation of NCPs Containing Site-Specific MdG. NCPs containing
MdG at specific sites were designed based on one containing the
Widom 601 strong positioning (145 bp) DNA sequence and
Xenopus laevis histone proteins, whose X-ray crystal structure
has been solved (23, 24). The requisite histone proteins were
overexpressed in Escherichia coli and purified as previously de-
scribed (25). Four positions were selected for MdG incorpora-
tion based upon consideration of NCP X-ray crystal structures
(Fig. 1B) (24, 26, 27). Positions 89 and 123 are proximal to
lysine-rich histone tails that protrude through the octamer in the
vicinity of superhelical locations (SHLs) 1.5 and 4.9, respectively.
The DNA near SHL 1.5 is notably kinked, and is a hot spot for
DNA-damaging molecules (28). DNA near the dyad axis (posi-
tion 73) is tightly held by the octameric core but is further re-
moved from flexible histone tails. Similarly, position 158 is also
distal from any histone tails.
Solid-phase synthesis of oligonucleotides containing MdG is

precluded by its proclivity toward depurination and lability to
alkaline conditions. Consequently, 145-nt-long oligonucleotides
in which MdG was site specifically incorporated were prepared
chemoenzymatically and stored at −80 °C (Fig. 1C) (29). The
nucleotide triphosphate (MdGTP), prepared from dGTP (30)
and purified by anion exchange chromatography, was in-
corporated at the 3′-terminus of an oligonucleotide hybridized to
a complementary template using Sequenase (i, Fig. 1C and SI

Appendix, Fig. S1A). The single-nucleotide extended product was
purified by denaturing PAGE and subsequently used in a T4
DNA ligase reaction with three or four other oligonucleotides to
produce a 145-nt product, which was also gel purified (ii, Fig. 1C
and SI Appendix, Fig. S1B). The sequences of these 145-nt
products differed from the 601 DNA only at the position of
MdG incorporation. Following 5′-32P labeling of the MdG-
containing strand, the DNA was hybridized at 25 °C to the
complementary 145-mer, which was also prepared via ligation of
chemically synthesized oligonucleotides. The NCPs were recon-
stituted at 4 °C using the salt-dilution method (25). The extent of
reconstitution and NCP stability over the course of ensuing re-
actions, which were as long as 84 h at 37 °C, were established via
nucleoprotein gel analysis. Reactions were carried out using
NCPs with reconstitution efficiency greater than 95%. The uni-
formity of the NCPs was established using DNase I footprinting
(SI Appendix, Fig. S2).
The integrity of the MdG-containing DNA used to prepare the

NCPs was established using a battery of chemical and enzymatic
treatments that induce selective effects from MdG and the an-
ticipated products, AP and MeFapy•dG (SI Appendix, Fig. S3).
For instance, treatment of the DNA with NaOH cleaves at AP
sites but not MdG or MeFapy•dG (31, 32). Similarly, treatment
with the base excision repair enzyme, formamidopyrimidine
glycosylase (Fpg), cleaves the DNA at MeFapy•dG and AP sites
(33). In contrast, sequential treatment of the DNA with human
alkyladenine glycosylase (hAAG) and NaOH cleaves the DNA at
MdG and AP sites (34). Any dG present due to undetected
dGTP impurity in MdGTP or MdG decomposition would be
resistant to all of these treatments. We were unable to detect any
dG, AP, or MeFapy•dG using these methods and estimate that
the nucleosomal DNA is >99% MdG.

MdG Hydrolysis Rate Constants Are Decreased in NCPs.Depurination
of MdG to produce AP sites was measured by taking advantage
of the ability to selectively cleave DNA at the latter upon alka-
line treatment (0.1 M NaOH, 37 °C, 0.5 h). The rate constant for

Fig. 1. N7-Methyl-2′-deoxyguanosine (MdG) hydrolysis and independent incorporation in nucleosome core particles (NCPs). (A) Hydrolysis reaction of MdG.
(B) Positions in NCPs at which MdG was site specifically incorporated [Protein Data Bank (PDB) ID code 1kx5]. (C) Methods used for independently generating
MdG within 145-bp DNA.

Yang et al. PNAS | vol. 115 | no. 48 | E11213

CH
EM

IS
TR

Y
BI
O
CH

EM
IS
TR

Y

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1813338115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1813338115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1813338115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1813338115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1813338115/-/DCSupplemental


MdG hydrolysis (kHyd) in free DNA varied almost fourfold
depending upon the position (Table 1). However, the corre-
sponding rate constant within the NCP was always lower than in
free DNA. The extent to which hydrolysis was retarded within
the NCP varied with respect to MdG position but was greater at
the positions (89 and 123) where the lesion was most proximal
to the highly positively charged histone tails.
The greatest decrease in hydrolysis rate was detected at po-

sition 123 (SHL 4.9), where reaction within the NCP was almost
six times slower than in free DNA. An X-ray crystal structure of a
NCP containing a different DNA sequence indicates that the
H2A and H2B tails are in the vicinity of MdG123 (26). Contri-
butions of these tails to the increased half-life for MdG123 dep-
urination were examined by preparing NCPs containing histone
variants (Fig. 2A, Table 2, and SI Appendix, Fig. S4). Removing
the entire H2A tail (15 aa) had little if any effect on the half-life
for AP formation. The X-ray crystal structure suggests that the
longer (31 aa) H2B tail should be more proximal to MdG123.
Deletion of the 23 N-terminal amino acids slightly increased the
rate constant for hydrolysis. Deleting the remaining 8 aa from
the H2B tail, 7 of which are positively charged (Fig. 2A), sig-
nificantly increased the rate constant describing MdG123 hydro-

lysis (kHyd, Table 2). The half-life for MdG123 depurination in the
NCP lacking the entire H2B tail is less than twofold longer than
in free DNA, compared with almost six times longer when the
full-length protein is present.
These data suggest that the proximity of positively charged

histone tails to MdG123 results in a decrease in hydrolysis rate
constant and that the seven positively charged amino acids (four
lysines and three arginines) expected to be closest to the alky-
lated nucleotide are the major contributors (Fig. 2B). To further
validate that conclusion, two additional H2B variants were in-
corporated within NCPs containing MdG123 (Table 2 and SI
Appendix, Fig. S4). For ease of preparation, each variant lacked
the 23 N-terminal H2B amino acids that have a small effect on
hydrolysis. In one variant, the four remaining H2B tail lysines
were mutated to alanine (H2B 1–23 Del, K24,25,28,31A), and in
the other, alanine was substituted for the three arginines (H2B
1–23 Del, R26,27,30A). The half-life for MdG123 hydrolysis de-
creased significantly compared with that in the NCP in which the
H2B tail (23 N-terminal amino acids) was partially deleted.
However, neither NCP yielded a hydrolysis rate constant that
was as high as when the entire 31 H2B amino acid tail was re-
moved (H2B 1–31 Del). Overall, site-specific MdG incorpora-
tion in NCPs containing wild-type or histone variants reveals that
the positively charged environment stabilizes the alkylated nucle-
otide toward depurination. The magnitude of the effect is pro-
portional to the proximity and magnitude of the positively
charged Lys and Arg residues.

MdG Forms Reversible DPCs in NCPs.DPCs were readily detected as
slower moving products via SDS/PAGE, which were transformed
to faster migrating bands following proteinase K treatment.
MdG123 is the position where hydrolysis is decreased the most
relative to its rate in free DNA. Of the four positions examined,
it is also the one in which SDS/PAGE analysis revealed the
greatest relative amount of DPCs compared with AP sites. DPCs
are formed in amounts slightly higher than AP sites at MdG123
(Fig. 3A). The ratio of DPCs/AP sites produced at MdG89 is
slightly less than 1, but the absolute DPC yield is more than twice
that at position 123 (SI Appendix, Fig. S5A). In contrast, the NCP
containing MdG158, in which the alkylated nucleotide is not close
to a flexible histone tail, yields less than 1% DPCs after 84 h (SI
Appendix, Fig. S5B). Similarly, although ∼33% of MdG73 is
converted to AP in 84 h, the DPC yield at this position is less
than 1% (SI Appendix, Fig. S5C). To our knowledge, DPCs have
never been reported from MdG or any other alkylated nucleotide
produced from a monofunctional alkylating agent. Since MdG is
known to undergo nucleophilic attack at the C8 position by hy-
droxide ion to form MeFapy•dG, we speculated that one or more
lysine residues in the proximal H2B tail could react with the
alkylated purine at position 123. However, the observed DPCs
could also result from AP sites, which are produced upon MdG
hydrolysis, and are known to form transient DPCs in NCPs (14).
The source(s) of the DPCs from MdG89 and MdG123 was

determined by taking advantage of the expected differences in
structure and reactivity. The DPCs produced from AP sites in
NCPs are known to undergo strand scission that is catalyzed by

Table 1. MdG hydrolysis in free DNA and NCPs

kHyd,* ×10−7 s−1 t1/2,* h

MdG position Free DNA NCP Free DNA NCP t1/2 (NCP:free DNA)

73 17.4 ± 1.1 13.9 ± 1.2 111 ± 7 139 ± 12 1.3
89 10.1 ± 0.5 3.5 ± 0.2 191 ± 8 550 ± 27 2.9
123 5.7 ± 0.1 1.0 ± 0.1 338 ± 6 1,930 ± 197 5.7
158 22.1 ± 2.0 9.9 ± 1.0 87 ± 8 194 ± 20 2.2

*Values are the average ± SD of two experiments, each carried out in triplicate.

Fig. 2. Histone variants used to prove MdG123 reactivity in NCPs. (A) N-
terminal amino acid sequences of histones H2A and H2B. (B) Proximity of
amino acids 24–31 of histone H2B to MdG123 (based on X-ray crystal structure
containing native DNA; PDB ID code 1kx5).
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the histone tails, and had previously been examined at position
89 (14, 16). Consequently, the source of DPCs within NCPs
containing MdG123 was determined by comparing those obtained
from independently generated AP123 with those formed from the
alkylated material. Indeed, 100% of the DNA in DPCs isolated
from NCPs containing independently generated AP123 was
cleaved (SI Appendix, Fig. S6). In contrast, 99% of the DNA in
DPCs isolated after incubating NCPs containing MdG123 for 12 h
was uncleaved. Even after long reaction times (84 h), when AP
from MdG123 hydrolysis will have built up, only 11% of DPCs
contained cleaved DNA (Fig. 3B). These data suggest that the
DPCs containing uncleaved DNA detected in MdG123-contain-
ing NCPs result from the unprecedented reaction between the
alkylated nucleotide and histone protein(s), and their yields were
determined accordingly (SI Appendix, Fig. S7). A similar analysis
of the DPCs produced from MdG89 over the same timescale
revealed that a significantly greater fraction of the DPCs were
derived from reaction with the abasic site produced upon dep-
urination (Fig. 3B). At early times (12 h), approximately one-half
of the DPCs at position 89 were attributed to cross-linking with
MdG89. However, at later times as more AP89 builds up, the
fraction of DPCs formed from reaction with MdG89 directly
decreased to 20%.
The isolated MdG123 DPC was unstable at 37 °C with a half-

life of 10.2 ± 0.3 h (SI Appendix, Fig. S8A). The half-life of the
DPC from MdG89 was not determined because of the large
amounts of cross-link from AP. The released uncleaved DNA
from MdG123 DPCs was stable to NaOH or Fpg, but was cleaved
upon sequential treatment with hAAG and NaOH (SI Appendix,
Fig. S8B), indicating that the DPC did not decompose via for-
mation of AP or a Fpg substrate, but rather regenerated MdG-
containing DNA. The structure of MdG and the reversibility of
the process lead us to suggest that the cross-link results from
reversible nucleophilic attack at the C8 position and that resto-
ration of aromaticity provides the driving force for release of the
otherwise unmodified DNA (Scheme 1).
Additional information on the cross-linked proteins was

obtained using NCPs containing MdG123 due to their greater
homogeneity compared with the products obtained from MdG89.
Isolated MdG123 DPCs were thermally decomposed, and the
released proteins were detected by Western blotting using his-
tone antibodies, which revealed that H2B was solely responsible
for DPC formation with MdG123 (Fig. 4A). This is consistent
with the above experiments demonstrating that H2B was re-
sponsible for the majority of the decrease in the rate constant for
hydrolysis at MdG123 (Table 2). The instability of DPCs pre-
vented us from determining the amino acid residue(s) cross-
linked to MdG123 using liquid chromatography (LC)–MS/MS.
Instead, the H2B variants lacking the 23 N-terminal amino acids
were used for identifying the amino acid(s) responsible for DPC
formation (Fig. 4B). Deleting residues 1–23 of H2B slightly de-
creased the DPC yield compared with wild-type NCP (Figs. 3A

and 4B), and substituting alanine for arginine in the remaining
region of the H2B tail (H2B 1–23 Del R26,27,30A) had little
additional effect on the DPC yield (Fig. 4B). However, the DPC
yield decreased by ∼75% when alanines were substituted for
lysines (H2B 1–23 Del K24,25,28,31A), indicating that the
proximal lysine residues (K24, 25, 28, and 31) accounted for the
majority of MdG123 DPCs.

DPC Formation and Decreased Hydrolysis Rates in NCPs Treated with
MMS. The effects of the NCP environment on MdG reactivity
described above were based upon sites purposefully chosen so as
to distinguish between alkylated nucleotides whose positions
relative to flexible histone tails were understood. Such experi-
ments do not take into account the influence of the core particle
structure on the sites of alkylation or the nuances of the NCP
structure over the entire 145 bp. The general effects of the NCP
environment on MdG reactivity were examined using NCPs
composed of the 601 sequence containing only native nucleo-
tides. To compare MdG depurination in free DNA and NCPs,
both strands of DNA in the latter were 5′-32P labeled and treated
with MMS (10 mM, 1 h, 37 °C). No NCP decomposition was
observed after MMS treatment. Following removal of the alky-
lating agent, a portion of the NCP was extracted with phenol and
precipitated to provide free DNA with an identical MdG pattern
and levels as in the core particle. Following incubation at 37 °C
for 24 h, yields of AP and DPC (per below) in MMS-treated
samples were normalized by taking into account the extent of
alkylation. The overall AP yield in the NCP was less than one-
half that in free DNA (Fig. 5A and SI Appendix, Fig. S9), in-
dicating that the global effect of the NCP environment on MdG
hydrolysis is in between the individual sites minimally (MdG73)
and maximally (MdG123) affected (Table 1). A comparable ex-
periment using NCPs composed of histone variants in which each
protein’s N-terminal tail was deleted supported the important
role that these domains play in suppressing MdG hydrolysis (Fig.
5A and SI Appendix, Fig. S9). The yield of AP sites in the tailless
NCP increased to >70% that in the corresponding free DNA.
DPC formation was also determined in MMS-treated NCPs

following incubation at 37 °C. Although DPCs are the major
product from MdG123 (Fig. 3A), AP sites (Fig. 5A) are favored
over DPCs (Fig. 5B) in MMS-treated NCPs, and experiments
with N-terminal tailless histone proteins corroborate that amino
acids in these regions of the proteins are primarily responsible
for cross-links. Furthermore, the greater heterogeneity of prod-
ucts in MMS-treated NCPs raises the possibility that the DPCs
are formed from AP and MdG. The contributions of AP and
MdG to DPCs in MMS-treated NCPs were again determined by
taking advantage of their differing chemical properties (Fig. 6).
DPCs derived from AP decompose to cleaved DNA upon NaOH

Fig. 3. Formation of AP sites and DPCs from MdG in NCPs. (A) Yields of AP
and DPCs from MdG123 within NCP as a function of time. (B) Determination
of sources of DPCs from NCPs containing MdG89 or MdG123 as a function of
time.

Table 2. Effects of histone variants on MdG123 hydrolysis in
NCPs

Substrate kHyd,* ×10−7 s−1 t1/2,* h

Free DNA 5.7 ± 0.1 338 ± 6
WT NCP 1.0 ± 0.1 1,930 ± 197
H2A1-15 Del 1.1 ± 0.1 1,750 ± 6
H2B1-23 Del 1.2 ± 0.1 1,600 ± 76
H2B1-31 Del 3.3 ± 0.1 583 ± 10
H2B1-23 Del K24,25,28,31A 2.7 ± 0.1 713 ± 14
H2B1-23 Del R26,27,30A 1.6 ± 0.1 1,200 ± 30

*Values are the average ± SD of two experiments each carried out in
triplicate.
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(0.1 M, 30 min, 37 °C) treatment, but those derived from MdG
require heating (90 °C, 30 min) before NaOH treatment to de-
compose the cross-link and cleave the DNA. Consequently, ali-
quots of DPCs isolated by SDS/PAGE from MMS-treated NCPs
following 24-h incubation at 37 °C were subjected to these two
treatments, and the products were analyzed by denaturing
PAGE. The amount of DPCs from AP were quantified following
direct NaOH treatment, whereas the amounts of cross-links from
MdG were determined by subtracting those attributed to AP
from the cleavage observed following sequential heating and
alkaline hydrolysis. The uncleaved material in this experiment is
ascribed to DPCs involving a nucleotide on the opposite (un-
labeled) strand. Hence, the source of DPCs involving each strand
was determined separately by 5′-32P labeling the respective 145-
mer. These experiments revealed that the top strand (positions
1–145) produced approximately twice the yield of DPCs, but that
the bottom strand yielded a greater ratio of cross-links between
MdG:AP. Overall, >75% of the DPCs formed in the MMS-
treated NCPs were due to direct reaction between a histone
protein and MdG (Fig. 6C).

DPC Formation in MMS-Treated Cells.DPC formation was probed in
Chinese hamster lung cells (V79) using quantitative proteomics
approach incorporating TMT isotope tags (35). V79 cells were
used because DPC repair is less efficient in this cell line com-
pared with that in human cells (36). Following MMS treatment
(25 mM MMS, 37 °C, 3 h) of V79 cells (in triplicate), genomic
DNA containing DPCs was isolated by modified phenol–chlo-
roform methodology (37). Control cells (in triplicate) were
treated with buffer only. To identify the proteins within the DPCs,
we took advantage of their thermal lability. Equal amounts of
DNA containing DPCs from the cells without or with MMS
treatment were heated (70 °C, 1 h). Following DNA precipitation

with cold ethanol, the released proteins were collected, digested
by trypsin, labeled by tandem mass tags (TMTs), and analyzed by
nano–HPLC-NSI+-HRMS/MS. We found that both histones H2A
and H2B participated in cross-linking to DNA, with DPC levels
increasing 23- and 28-fold, respectively, following MMS treatment
(Fig. 7 A and B) relative to controls without MMS treatment.
Although these data clearly indicated the formation of DPCs

with histone proteins in MMS-treated cells, the products could
be attributed to reaction with MdG (DPCMdG) and/or AP sites
(DPCAP). DPCMdG and DPCAP were distinguished by utilizing
their different thermal stabilities following NaBH4 treatment (SI
Appendix, Fig. S10A). NaBH4 reduces the Schiff base within
DPCAP, which is then stable upon heating. However, DPCMdG
does not react with NaBH4 and the histone proteins are released
after heating due to their reversible formation. Suitable condi-
tions were established using isolated DPCs from NCPs contain-
ing AP or MdG at position 123 (SI Appendix, Fig. S10B).
Following NaBH4 treatment (0.1 M, 4 °C, 1 h) and heating
(70 °C, 1 h), no decomposition was observed in DPCAP123 while
DPCMdG123 was completely decomposed. A similar strategy was
used to determine the amounts of DPCMdG in MMS-treated
cells. Genomic DNA isolated from MMS-treated or untreated
cells (n = 3) were split into two portions, one of which was
treated with NaBH4 to stabilize DPCAP. All four sample groups
(control, NaBH4 control, MMS, MMS plus NaBH4) were sub-
jected to quantitative proteomics with TMT tags (Fig. 7C). We
found that following NaBH4 treatment, ∼75% of H2A and
∼90% of H2B DPCs were thermally released, indicating that the
majority of the DPCs in MMS-treated cells were fromMdG, with
the remaining conjugates forming at AP sites.

Discussion
DNA alkylation has important biological effects and conse-
quently has been studied for decades. MdG is the major product
from reaction of DNA with a variety of methylating agents that
act as carcinogens and/or anticancer agents, and persists in cells
and the livers of mice and rats. In duplex DNA, MdG tautomers
base pair with nucleotides other than dC (12). The stabilized, 2′-
fluorinated alkylation product also partially blocks replication by
DNA polymerase β (38). However, there is no evidence that
tautomerization leads to a decrease in fidelity during bypass by a
DNA polymerase. Consequently, its biochemical contribution has
been largely attributed to the formation of abasic sites via hy-
drolysis. The half-life of this process in free DNA varies, but is on
the order of days under physiologically relevant conditions, and
importantly is on the same timescale as the MdG in vivo lifetime.
The rate constants for hydrolysis (kHyd) in NCPs were com-

pared with those in free DNA. Measuring hydrolysis in MMS-
treated NCPs encompasses a heterogeneous collection of alky-
lated nucleotides with respect to nucleotide identity (dA, dG),
position alkylated within a particular nucleotide (e.g., N3, N7), as
well as the position within the NCP. We directly compared hy-
drolysis rates on globally alkylated DNA by carrying out the
MMS alkylation on NCPs, followed by liberation of the DNA
from an aliquot of the sample. Depurination of the heteroge-
neously alkylated DNA was approximately one-half as fast within

Scheme 1. Reactivity of MdG in NCPs.

Fig. 4. Identification of the protein(s) and amino acids responsible for DPC
formation with MdG123. (A) Western blot analysis of the proteins released
from isolated DPCs. (B) Effects of histone H2B variants on DPC yields as a
function of time.
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the NCP as in free DNA, suggesting that the positively charged
octameric core of histone proteins stabilizes the DNA against
hydrolysis. Examining hydrolysis in “synthetic” NCPs containing
a single MdG at a specific position indicated that proximity of
the positively charged, alkylated nucleotides to the lysine- and
arginine-rich, disordered N-terminal histone tails was a major
source of the decreased rate constants. MdG positions (e.g., 89,
123) close to where histone tails protrude from the octameric
core experienced larger decreases in hydrolysis rate constants
than those more distal (e.g., positions 73, 158) when transformed
from free DNA to NCPs. Mutagenesis experiments on the his-
tone proteins corroborated the influence of positively charged
amino acids proximal to MdG.
The physical basis of the slower MdG depurination is unclear.

Hydrolysis of N7-protonated AMP and molecules such as MdG
is accepted to occur by a unimolecular mechanism (SN1) in which
an oxocarbenium ion (X, Scheme 2) is formed in the rate-
determining step (11, 39). Although the overall positive charge
is maintained in the rate-determining step, it is dispersed over a
greater volume. The rate constants of reactions that undergo
charge redistribution in the rate-determining step respond to
changes in the polarity of the reaction environment. Increasing
the polarity of the reaction environment should stabilize the
ground state more than the transition state of the MdG hydro-
lysis reaction, resulting in a decreased reaction rate constant.
The modest increase in the MdG hydrolysis rate constant ob-

served when a single, proximal phosphate was replaced by a
neutral methyl phosphonate in free DNA is consistent with this
prediction (40). Condensation of DNA into a NCP neutralizes a
significant portion of the negative charge in the nucleic acid,
creating a less polar environment (41). Hence, we would have
expected the rate constant for MdG depurination to be greater
in the NCP than in free DNA. Why we see the opposite trend
warrants investigation.
Given that there is no evidence for MdG being mutagenic,

decreased depurination in NCPs (and presumably cells) relative
to that in free DNA may reduce the toxicity of the responsible
methylation agents by decreasing the yield of cytotoxic and
mutagenic AP sites. This point is further accentuated by the
observation that the greatest decrease in AP formation rates is
observed in the vicinity of the histone tail, because the lysine
residues in these same tails are responsible for converting AP
sites to single-strand breaks (14, 16).
The long lifetime of MdG provides an opportunity for other

chemical pathways to compete with depurination. We discovered
that nucleosomal MdG forms reversible DPCs with histones.
Isolated MdG-histone DPCs revert to the alkylated DNA over
the course of 1–2 d at 37 °C. DPC instability precluded their
characterization by standard methods, such as LC-MS/MS
analysis of digested material. The proposed structure of the
MdG-lysine adduct is based upon DPC reactivity, its reversible
formation, and the effects of histone modifications on cross-link
yield. DPC formation via nucleophilic attack at the C8 position
of MdG is also consistent with the formation of MeFapy•dG at
high pH, whose formation is initiated by nucleophilic hydroxide
addition to the same position. MS experiments conducted with
MMS-treated mammalian cells supported our results, indicating
that >75% of DPCs originate from direct attack of the e-amino
group of lysine residues on histones on the C8 of MdG and the
remaining DPCs form at abasic sites (Fig. 7).
DPCs are produced by a variety of bifunctional alkylating

agents. However, DPCs from DNA alkylated by a monofunc-
tional agent are not well documented. DPCs formed via reaction
of DNA with the natural product psorospermin may also arise
from the corresponding N7-alkylated 2′-deoxyguanosine (42). Of
greater relevance is that, more than 40 years ago, Grunicke et al.
(43) separated DNA from proteins via phenol extraction fol-
lowing treatment of Ehrlich ascites tumor cells with bifunctional
or monofunctional (MMS) alkylating agents. Both types of
alkylating agents gave rise to significant increases in quantities of
“DNA resistant to deproteinization” at the aqueous-phenol

Fig. 5. Reactivity of MMS-treated free and nucleosomal DNA. (A) Com-
parison of AP yield after 24 h in free DNA and NCP (with or without N-
terminal tails of all four histone proteins). (B) DPC yield in wild-type NCPs
and those composed of N-terminal tailless histones. The yields of AP and
DPCs were normalized based upon the DNA alkylation level.

Fig. 6. Sources of DPCs from MMS-treated NCPs. (A) DPCs involving MdG and AP are distinguishable based upon the different conditions required to cleave
their DNA. (B) Denaturing PAGE analysis of isolated DPCs subjected to different treatments reveals cleavage patterns representative of the types of cross-links.
(C) DPC yields from MdG and AP in the respective strands of MMS-treated NCPs after 24-h incubation. The DPC yields were normalized based upon the DNA
alkylation level in the corresponding strand.
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interface. However, the authors dismissed the possibility that the
increased interfacial materials from either family of alkylating
agents were due to DPCs because MMS yielded the same result
as the bifunctional agent. The results presented herein suggest
that Grunicke et al. (43) had indeed observed DPCs from MMS-
treated cells.
DPCs are extremely toxic as they can completely block es-

sential DNA transactions, including DNA replication and tran-
scription. DPC formation in cells treated with methylating agents
raises the possibility that MdG production is more than a source
of abasic sites. If so, one might expect that cells with compro-
mised DPC repair capability would be more susceptible to MMS.
DNA-dependent proteases that digest DPCs have been discov-
ered in recent years, but their contribution to repair of MMS-
damaged DNA has not been examined (44–48). Although the
DPCs in mammalian cells are too large to be repaired by nu-
cleotide excision repair (NER), this pathway contributes to DPC
repair in bacteria and possibly following digestion to smaller
peptides in other species (49–52). Studies in yeast have shown
that deficiencies in NER repair enhance MMS susceptibility (53,
54). The authors provide strong evidence in support of their
hypothesis that NER contributes to abasic site repair and re-
sistance to DNA methylation. However, the data cannot exclude
contribution of NER to repair of DPCs that are also formed
following MMS treatment.
When considered in this context, the observations described

above raise the possibility that monofunctional alkylating agents,
such as MMS, MNU, and temozolomide may indirectly produce
a family of lesions, DPCs, that have not previously been con-
sidered to be part of their product profile. DPCs are biologically
significant, as they are potent blocks of replication and tran-
scription. DPC formation from MdG and possibly other lesions
generated in cells by monofunctional alkylators raises the pos-
sibility of alternate sources of the biological effects of such
agents. It also raises the question of whether chemists can in-
crease DPC yield in cellular DNA and/or exploit their formation
to improve the efficacy of drugs such as temozolomide.

Materials and Methods
Preparation of 145-mer DNA Containing Site-Specific MdG. Chemically syn-
thesized oligonucleotides (SI Appendix, Fig. S1A) were enzymatically phos-
phorylated at their 5′-termini in a reaction containing 4 nmol of DNA, 1×
PNK buffer, 2 mM ATP, and 50 units of T4 PNK at 37 °C for 4 h. The phos-
phorylated oligonucleotides were combined with the appropriate scaffolds
(6 nmol) (SI Appendix, Fig. S1A) in 1× Sequenase buffer and hybridized by
heating at 90 °C for 2 min, followed by slow cooling to room temperature.
MdGTP (470 μM) and Sequenase (13 units) were added, and the mixture was
incubated at room temperature for 2 h. The reaction mixture was mixed
with 95% formamide and purified by a 20% denaturing PAGE gel at 4 °C.
The product band was excised from the gel, and the DNA was eluted
overnight in 3 mL of elution buffer at 4 °C. The slurry was briefly spun in a
centrifuge, and the supernatant was filtered using a Poly-Prep column (Bio-
Rad). The DNA was desalted using a C18 Sep-Pak column. The eluted DNA
(∼2 nmol) was flash frozen in liquid nitrogen, dried by speed vacuum at low
temperature, and resuspended in water. All oligonucleotides (1.5 nmol),
except the 5′-terminal fragment and those containing MdG (SI Appendix,
Fig. S1B), were separately treated with T4 PNK (50 units) in 1× T4 DNA ligase
buffer at 37 °C for 4 h. Every oligonucleotide (1.5 nmol, SI Appendix, Fig.
S1B), except that containing MdG and scaffolds (2 nmol, SI Appendix, Fig.
S1B) were combined and heated at 95 °C for 2 min, followed by chilling on
ice. The 5′-phosphorylated MdG containing oligonucleotide (1.5 nmol) was
added, and the mixture was incubated at room temperature for 2 h. T4 DNA
ligase (3,600 units) was added, and the mixture was incubated overnight at
16 °C. Following phenol extraction, the supernatant was mixed with 95%
formamide and purified by 8% denaturing PAGE gel at 4 °C. The product
band was excised from the gel and isolated as described above. The ligated
product was concentrated and buffer exchanged extensively with water
using a 10K Amicon Ultra membrane at 4 °C. The DNA (∼350 pmol) was
stored in H2O at −80 °C.

Determination of AP and DPC Yields from MdG Containing NCPs. 5′-32P–labeled
NCPs were incubated at 37 °C. Aliquots were removed at appropriate times,
immediately frozen in dry ice, and stored at −80 °C. After the final time
point, to determine AP yields, one-half of each aliquot was treated with
100 mM NaOH at 37 °C for 30 min, neutralized with HCl, and treated with
proteinase K (8 units) at room temperature for 30 min. The cleaved DNA
products were analyzed by 10% denaturing PAGE. To determine the
amounts of DPCs, one-half of each aliquot was analyzed by 10% SDS/PAGE
at 4 °C.

Scheme 2. MdG hydrolysis via a unimolecular (SN1) mechanism.

Fig. 7. DPC formation in MMS-treated V79 cells. The normalized abundance of thermally released H2A (A) and H2B (B) within DPCs isolated from V79 cells.
The protein abundance under each condition was normalized to that without MMS and NaBH4 treatment. (C) The percentage of DPCMdG in MMS-treated cells
detected as the percentage of the thermally released histone proteins after NaBH4 treatment compared with those released without NaBH4 treatment. The
data are the average ± SD of three experiments.
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Distinguishing Between DPCs Formed from AP Sites and MdG by Denaturing
PAGE Analysis of DNA. NCPs containing AP123 were generated (17) and in-
cubated at 37 °C. NCPs containing MdG89 or MdG123 were incubated at
37 °C, and aliquots were removed at the appropriate times. Following
analysis by 10% SDS/PAGE at 4 °C, the DPC bands were excised from the gel
and eluted at 4 °C for 12 h with 500 μL of buffer containing 10 mM Hepes,
pH 7.5, 0.2 M NaCl, and 0.1% SDS. The DPCs were isolated from the gel as
described above for DNA concentrated using a 10K Amicon Ultra mem-
brane. Following extensive buffer exchange at 4 °C with 10 mM Hepes
buffer (pH 7.5), the DPCs were treated with proteinase K (8 units) at room
temperature for 5 min, and the DNA samples were analyzed by 10%
denaturing PAGE.

DPC Determination in MMS-Treated Cells. V79 Chinese hamster lung cells were
plated in 15-cm dishes with the density of 3 × 106 and cultured until 90%
confluence. The cells were treated with 25 mM MMS for 3 h at 37 °C. Un-
treated (control) cells were grown side-by-side. Genomic DNA containing
DPCs was isolated as described previously (37) and resuspended in Hepes
buffer (10 mM, pH 7.5). The DNA concentration was determined by dG
analysis by HPLC-UV. DNA (30 μg) was treated with NaBH4 (0 or 0.1 M) at 4 °C
for 1 h. The NaBH4-treated samples were quenched with acetic acid. All
sample groups (control, NaBH4 control, MMS, MMS plus NaBH4), in triplicate,

were subjected to neutral thermal hydrolysis (1 h, 70 °C) followed by ethanol
precipitation. The supernatants were collected and dried, and the residues
were resuspended in Hepes buffer (100 mM, pH 8.0). The salts were removed
by extensive buffer exchange with ammonium bicarbonate buffer (25 mM,
pH 8.0) using 3K Amicon filters. The samples were concentrated to a final
volume of ∼200 μL. Trypsin (1 μg) was then added directly into the filters,
and enzymatic digestion was conducted at 37 °C for overnight. The digested
peptides were recovered and concentrated to dryness in glass MS vials. The
dried samples were resuspended in Hepes (100 mM, pH 8.0) and labeled by
TMT 6-plex reagent (Thermo Scientific). After mixing the labeled peptides,
the samples were dried and desalted through a C18 column before nano–LC-
MS analysis (Thermo Orbitrap Fusion). The raw data were searched against
UniProt Chinese hamster database and the histone protein abundances were
quantified with Thermo Scientific Proteome Discoverer 2.1 software.
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