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Endogenous metabolism and environmental exposure can give rise to DNA alkylation, which can elicit
deleterious biological consequences. In the search for reliable and quantitative analytical methods to
elucidate the impact of DNA alkylation on the flow of genetic information, mass spectrometry (MS) has
attracted increasing attention, owing to its unambiguous determination of molecular mass. The MS-
based assays obviate conventional colony-picking methods and Sanger sequencing procedures, and
retained the high sensitivity of postlabeling methods. With the help of the CRISPR/Cas9 gene editing
method, MS-based assays showed high potential in studying individual functions of repair proteins and
translesion synthesis (TLS) polymerases in DNA replication. In this mini-review, we have summarized the
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applications in assessing the impact of alkylation on DNA replication. With further development of MS
DOI-10.1039/d2ra08340; instruments for high resolving power and high throughput, these assays should be generally applicable

rsc.li/rsc-advances and efficient in quantitative measurement of the biological consequences and repair of other DNA lesions.
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1. Introduction

DNA is intrinsically unstable and its integrity in cells is
constantly challenged by various endogenous and exogenous
chemicals, resulting in a plethora of DNA lesions.'? For
instance, it can undergo spontaneous deamination and depu-
rination under physiological conditions. In addition, DNA, as
a poly-nucleophile, can react with many electrophile species,
leading to covalently bound adducts.** Among them, DNA
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alkylation constitutes a major type of DNA damage due to the
ubiquitous presence of alkylating agents in the environment
and within cells.? If not repaired, the alkylated DNA may perturb
the efficiency and fidelity of DNA replication and transcription,
thereby compromising the flow of genetic information and
conferring adverse human health consequences.>® Indeed, it
has been demonstrated that DNA alkylation can be cytotoxic,
teratogenic, and carcinogenic.”

To counteract the DNA alkylation and reduce its subsequent
deleterious effects, cells have equipped diverse cellular repair
pathways to collectively modulate alkylation, such as direct
removal, base-excision repair (BER), nucleotide-excision repair
(NER), mismatch repair (MMR), homologous recombination
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(HR), and non-homologous end joining (NHE]).">** In addi-
tion, the translesion DNA synthesis (TLS) pathway utilizes low-
fidelity DNA polymerases to bypass lesions in case the replica-
tion machinery is stalled by alkylation blockage.®® However,
thus far, the roles of specific TLS polymerase in mutagenesis
still largely remain elusive. Understanding the replicative
bypass of DNA alkylation and involvement of repair proteins as
well as TLS polymerases necessitates the investigation of how
this type of lesions perturbs the flow of genetic information in
cells under various gene manipulation.

The synthesis and construction of site-specifically modified
genomes facilitate pinpointing mutation spectra of specific
lesions with accuracy and certainty.'®"* Conventionally, exten-
sive colony picking and Sanger sequencing procedures are
required to assess the biological consequences of lesions and
elucidate the roles of DNA polymerases and repair
proteins.'**>* However, the relatively small sample size may
result in some mutations of low frequencies being overlooked.*
Recent years witnessed the advancement of mass spectrometry
(MS) in investigating the occurrence and biological conse-
quences of DNA lesions."*"® Liquid chromatography-tandem
mass spectrometry (LC-MS/MS) has been successfully
employed as an efficient approach in assessing how DNA
lesions compromise DNA replication in vitro and in vivo, which
has been reviewed by others.”” Here, we place emphasis on
recent discoveries and compare the replicative bypass of
different types of alkyl lesions in cells.

2. MS-based assay for replication
study in cells

With the availability of site-specifically modified oligodeoxyr-
ibonucleotides (ODN), Essigmann and co-workers introduced
a lesion bypass and mutagenesis assay to assess how DNA
replication is compromised by certain lesions.”>*" In that assay,
the bypass efficiency and mutation frequency of a defined lesion
can be quantitatively determined by restriction digestion and
postlabeling. This assay is then further developed by Wang's lab
and the resultant competitive and replicative adduct bypass
(CRAB) assay has been employed to evaluate the genetic
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perturbations caused by DNA lesions during replication in E.
coli as well as in mammalian cells.?*>*

As shown in Fig. 1a, in E. coli cells, the experimental proce-
dure begins with the synthesis and construction of lesion-
containing and lesion-free M13 phage genomes in addition to
a competitor M13 genome which possesses three additional
nucleotides. As transfection efficiency for each independent
experiment is not consistent, the competitor genome is pre-
mixed with a lesion-containing or lesion-free genome and
serves as an internal standard in the calculation of bypass
efficiencies with the assumption that the bypass efficiency of
the corresponding control (lesion-free) M13 genome is 100%.
After co-transfection and replication in E. coli, the progeny M13
genomes are harvested and the region of interest containing
either the initial lesion site or the lesion-free control, or the
competitor is amplified by PCR. The resultant PCR products are
digested by appropriate restriction enzymes and subjected to
LC-MS/MS analysis (Fig. 1b). In addition, with postlabeling, the
digested products can also be analyzed by polyacrylamide gel
electrophoresis (PAGE). Furthermore, by switching the order of
restriction enzyme addition, the lesion-situated strand or its
complementary strand can be selectively labeled and four
potential types of replication products can be resolved from
each other with two electrophoreses (Fig. 1c).****” Note that
TLS polymerases in E. coli cells can be induced due to SOS
response, which is named after the distress signal “SOS” in the
Morse alphabet.”® Thus, to investigate the roles of specific TLS
polymerases, the E. coli cells are generally treated with UV
irradiation to initiate the SOS response.*®

The CRAB assay also extended to mammalian cells by
changing the single-stranded phage plasmid to a double-
stranded shuttle vector that is capable of propagating in
mammalian cells (¢f Fig. 2). Similarly, lesion-containing/lesion-
free and competitor plasmids are constructed first via a gapped
vector-based strategy. As the lesion may exert an impediment to
replication, the non-lesion strand in the double-stranded
plasmid usually is preferentially replicated, rendering it diffi-
cult to accurately determine the mutation frequencies and
bypass efficiencies. As a result, a mismatch is introduced into
the double-stranded plasmid containing the lesion site,
enabling the independent assessment of the products arising
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Fig. 1 (a) Schematic illustration of experimental procedures of CRAB in E. coli cells. (b) Sequential restriction enzyme digestion for MS-based
replication assay in E. coli cells (top) and a representative MS spectrum (bottom) showing the T — C mutation elicited by O*-methylthymidine
(O*-MedT). (c) Sequential restriction enzyme digestion for the selective labeling of the strand initially bearing the lesion or the complementary
strand, and the representative images of PAGE gel. The ‘M’ labeled in blue and ‘N’ labeled in orange indicate the nucleotide at the lesion-situated
stand and lesion-complementary strand after replication, respectively. Reproduced from ref. 25 with permission from Oxford, copyright 2015.
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Fig.2 Experimental procedures for MS-based replication assay in mammalian cells. The C/C mismatch site, the lesion site, and the incorporated
nucleotides at the lesion site and opposite lesion site are marked in green, red, blue, and orange. The SfaNI and Ncol sites are highlighted in bold.
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Table 1 Summary of experimental procedures
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from the replication of the lesion-bearing and lesion-free
complementary strands. The progeny genomes of the plasmid
are isolated from host cells, and the residual unreplicated
plasmid is removed by Dpnl digestion. The progeny plasmids
are then amplified by PCR. The region of interest in the progeny
plasmids is amplified with strand-specific PCR (SSPCR) so that
the strand complementary to the lesion-containing can be
selectively amplified. The resulting PCR products are restriction
digested and subjected to LC-MS/MS and PAGE analyses.>* A
summary of experimental procedures of CRAB in E. coli and
mammalian cells are shown in Table 1.

3. Applications of MS-based
replication assays

In the past few years, a number of discoveries have been made
using the abovementioned strategy to assess the effect of DNA
alkylation on replication in cells.>>?”?**¢ Here, we discuss the
effects of alkyl lesions on replication in E. coli and mammalian
cells and compare the difference between the major groove and
minor groove lesions. In addition, alkylation on the phosphate
backbone will also be described.

3.1 Alkyl lesions in the major groove

The O*-alkylthymidine (0’-alkyldT) and O°alkyl-2"-deoxy-
guanosine (0%alkyldG) lesions represent two types of alkyl
lesions on pyrimidine and purine bases. Systematic experi-
ments have been performed to assess how the size of the alkyl
group, from methyl to butyl, at the O* position of thymine and
0° position of guanine (¢f Fig. 3) affects the efficiency and
fidelity of DNA replication in E. coli cells.*®?® It is found that O*-
alkyldT lesions direct exclusively misincorporation of 2"-deoxy-
guanosine opposite the lesion site,>® while 0°-alkyldG lesions
elicit only G — A mutation,* which can be attributed to their

© 2023 The Author(s). Published by the Royal Society of Chemistry

1) The lesion-containing, lesion-free, and competitor M13 genomes are constructed by incorporation of specific ODNs
nto the EcoRI-linearized M13 genome with two scaffolds

2) The scaffolds and unligated M13 genomes are degraded with T4 DNA polymerase

The lesion-containing or lesion-free M13 genome is premixed with the competitor genome

The competent E. coli cells are transfected with the premixed M13 genomes

The transfected E. coli cells are cultured in Lysogeny Broth (LB) media

The culture media are centrifuged, and the cell pellets are harvested

The region of interest in the purified single-stranded M13 genome is PCR amplified using two primers
The PCR products are digested with sequential restriction enzymes

) The resultant digestion mixture is subjected to LC-MS analysis and postlabeling for PAGE

The double-stranded shuttle vector is nicked with Nt.BstNBI to produce a gapped vector

The gap is filled with lesion-containing, lesion-free, or competitor ODN and ligated with T4 DNA ligase
The supercoiled plasmid is purified by agarose gel electrophoresis

The lesion-containing or lesion-free plasmid is premixed with the competitor plasmid

The overnight-cultured cells are transfected with the premixed plasmids

The transfected cells are harvested after 24 h, and the progenies of the plasmid are isolated

The residual unreplicated plasmid is removed by Dpnl digestion

The region of interest in the progeny genomes is amplified with SSPCR

The PCR products are digested with sequential restriction enzymes

) The resultant digestion mixture is subjected to LC-MS analysis and postlabeling for PAGE

distinct base-pairing properties. In addition, both types of
lesions are not strong impediments to DNA replication in E. coli
cells and the SOS-induced polymerases play redundant roles in
bypassing these lesions, except for O*-sBudT, which exhibits
moderate blockage to DNA replication and requires polymerase
(Pol) V to facilitate efficient bypass.>>?®

Direct removal by O°-alkylguanine DNA alkyltransferase
(MGMT) is an important repair pathway for O*-alkyldT and O°-
alkyldG lesions.” In E. coli cells, two types of MGMT are enco-
ded, i.e., Ogt and Ada.*” Thus, their impact on the repair of these
two types of lesions was also evaluated, and found that Ogt but
not Ada is involved in repairing O*-alkyldT lesions® while both
of them can repair 0°-alkyldG lesions with Ogt more efficiently
than Ada.”®

0*-alkyldT and 0°-alkyldG lesions also elicit exclusively T —
C and G — A mutation in mammalian cells, respectively.
However, different from E. coli cells, these two types of lesions
exert some blockage to DNA replication (¢f Fig. 4).>*° It is
shown that O*-alkyldT lesions are moderately blocking DNA
replication, with bypass efficiencies ranging from 20% to 33%.
For 0%-alkyldG lesions, they also show moderate impediment to
DNA replication with the exception of 0°MedG. The DNA
adduct, 4-(3-pyridyl)-4-oxobut-1-yl (POB), was also studied,
which is generated by tobacco-specific nitrosamine.** It was
found that while O*-POBAT still directs only T — C mutation,
0°POBdG elicited primarily the G — A transition (~75%)
together with a low frequency of the G — T transversion (~3%).
In addition, O°-POBAG exerts a higher blockage effect on DNA
replication compared to O*-POBAT.**

The roles of repair proteins and TLS polymerases in repli-
cative bypass and mutagenesis were also investigated in
mammalian cells. For O*-alkyldT lesions, deficiency in Pol n or
Pol ¢, but not Pol k or Pol i, leads to pronounced drops in bypass
efficiencies for all the O*-alkyldT lesions. In addition, depletion

RSC Adv, 2023, 13, 15490-15497 | 15493
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Fig.3 Chemicalstructures of the examined alkyl groups (a) and replicative bypass efficiencies of O*-alkyldT and O*-alkyldG lesions (b and c) in E.
coli cells. Reproduced from ref. 25 with permission from Oxford, copyright 2015 and ref. 26 with permission from Elsevier, copyright 2018.
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Fig.4 Replicative bypass efficiencies of O%-alkyldT (a) and O®-alkyl-dG lesions (b) in mammalian cells. Reproduced from ref. 29 with permission
from Oxford, copyright 2016 and ref. 30 with permission from Elsevier, copyright 2019.

of Pol m, Pol «k, or Pol i does not significantly alter the T — C
mutation for any of the O*-alkyldT lesions, with the exception
that loss of Pol n results in significant decreases in T — C
mutation for O*-EtdT and O*-nPrdT. Moreover, the depletion of
Pol { results in significant drops in T — C mutation frequencies
for all 0*-alkyldT lesions except O*-MedT and O*-nBudT. For O°-
alkyldG lesions, depletion of REV1 significantly decreases the
bypass efficiency of all lesions except for 0°-MedG. In addition,
individual ablation of Pol n or Pol { confers a pronounced
reduction in bypass efficiency for all straight-chain lesions. In
terms of replication fidelity, Pol n, and Pol { are involved in the
error-prone bypass of the straight-chain lesions, whereas Pol k
favors the accurate bypass of the branched-chain lesions.
Moreover, it was found that MGMT is effective in removing the

15494 | RSC Adv, 2023, 13, 15490-15497

smaller alkyl groups from the O° position of guanine, whereas
repair of the branched-chain lesions relies on NER. Interest-
ingly, the roles of TLS polymerases involved in replicative
bypassing of these two types of lesions are similar to other
major groove lesions, such as N’-guanine and N°-adenine cross-
links.*®* Several reports indicated that Pol n is required for
efficient bypass of DNA adducts in the major groove.>3%3%3°

3.2 Alkyl lesions in the minor groove

Two representative minor-groove alkyl lesions were systemati-
cally investigated using the CRAB assay, i.e., O*-alkylthymidine
(0*-alkyldT) and N*-alkyl-2’-deoxyguanosine (N-alkyldG).>”323
These two types of lesions direct promiscuous mutations, but
the results are not consistent in E. coli and in mammalian cells.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig.5 Replicative bypass efficiencies of Oz—alkyldT (a) and Nz—alkyl—dG lesions (b) in mammalian cells. Reproduced from ref. 32 with permission
from Elsevier, copyright 2018 and ref. 33 with permission from American Chemical Society, copyright 2019.

In E. coli cells, all four nucleotides can be inserted opposite the
0*-alkyldT lesion site,*® while T — C mutation is absent in
mammalian cells.*? For N*-alkyldG, it is nonmutagenic in E. coli
cells,> while it directs G — A and G — C mutations in
mammalian cells.*®

As shown in Fig. 5, both lesions are strong impediments to
DNA replication in mammalian cells,*** which is consistent
with the results obtained in E. coli cells.?”*° In addition, the
bypass efficiencies decrease with the increase in the size of the
alkyl group. The involvement of TLS polymerases was also
evaluated by conducting experiments in isogenic cells engi-
neered with CRISPR/Cas9 genome editing method. It was found
that the replicative bypass of 0*-alkyldT lesions requires Pol n
and Pol ¢, which resulted in higher mutation frequencies. In
contrast, Rev1, Pol 1, and Pol k are involved in bypassing N’-
alkyldG lesions, and ablation of these three polymerases elicits
substantial frequencies of G — A transition and G — T trans-
version. Interestingly, further depletion of Pol { in Pol k- or Pol (-
deficient cells elevated G — A and G — T mutations but
decreased bypass efficiencies. Different from major-groove
lesions, the roles of TLS polymerases are lesion-specific in
bypassing adducts in minor groove.

3.3 Alkyl lesions on the phosphate backbone

Apart from alkylation on nucleobases, the oxygen atoms of the
internucleotide phosphate group can also be alkylated by alky-
lating agents and give rise to phosphotriester adducts (PTEs),**
which are known to be persistent in mammalian cells.** As the
phosphotriester contains a chiral phosphorus center, two
configurations (S, or R,) can be formed depending on the non-
carbon-bound oxygen atom that is alkylated (cf. Fig. 6).

Using the CRAB assay, Wu et al. found that the S|, diaste-
reomer of the alkyl-PTE lesions could be efficiently bypassed in
E. coli cells, while the R, counterparts moderately impede DNA
replication.** In addition, the bypass of the alkyl-PTE lesions
does not require any of the three TLS polymerases (Pol II, Pol IV,
and Pol V) and is not modulated by SOS induction. It was found
that at the flanking TT dinucleotide site, S,-Me-PTE induces TT

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 S, and R, diastereomers of alkyl phosphotriester residues in
DNA. The ‘X" indicates the substituted alkyl group.

— GT and TT — GC mutations, and the induction of these
mutations requires Ada protein. Additionally, the mutation
frequencies are not affected by individual depletion of TLS
polymerases, though simultaneous ablation of all three poly-
merases results in a slight decrease in TT — GT mutation.**

The replication bypass and fidelity of alkyl-PTE lesions were
also investigated at different flanking dinucleotide sites, i.e., XT
and TX (X = A, C, or G).* It was shown that DNA replication was
highly efficient, and the replication products contain 85-90%
AT and 5-10% TG for S,-Me-PTE in the sequence contexts of 5-
XT-3', largely independent of the flanking base. In addition, the
R, diastereomer of Me-PTEs at XT sites and both diastereomers
of Me-PTEs at TX sites exhibited error-free replicative bypass.
Moreover, both diastereomers of nBu-PTEs at TX and XT sites
are non-mutagenic.* In another report, both diastereomers of
POB-PTEs exhibit low blocking effects on DNA replication with
bypass efficiencies higher than 80%, and neither diastereomer
is mutagenic.*®

4. Conclusions and perspectives

The advances in MS instrumentation have rendered it a viable
and efficient tool for elucidating the biological consequences of

RSC Adv, 2023, 13, 15490-15497 | 15495
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DNA adducts.*®*®1943 [n this review, we summarized the devel-
opment of MS-based strategies for assessing replicative bypass
and mutagenesis of alkylated DNA lesions, and recent findings
in E. coli and mammalian cells. These MS-based assays
demonstrate comparable sensitivity to restriction endonuclease
and postlabeling (REAP) assay and are highly reproducible that
a mutation frequency of around 0.5% can be reliably deter-
mined with a standard deviation being ~0.1%.>****%* As all
these assays use the entire progeny genomes and obviate the
tedious colony counting, their quantitative results would be
more reliable. The better reliability has been manifested by the
low G — T transversion conferred by 0°-POBdG which was
detected using MS-based assays but absent in the conventional
method.* It should be noted that PAGE (¢f. Fig. 1c), though can
distinguish the four potential types of replication products as
aforementioned, requires a specific sequence of lesion-
containing strands. Hence, the PAGE analysis lacks the ability
to determine the involvement of flanking base. However, these
MS-based assays still cannot fully assess the impact of sequence
context on DNA replication, as the pool of ODN sequences is
confined by the restriction sites recognized by enzymes.
Another limitation of MS-based assays is that these assays
generally cannot provide kinetic information about nucleotide
insertion and the interaction between DNA and proteins.
Therefore, methods, such as surface plasmon resonance*® and
biolayer interferometry,*® that can reveal the binding affinity
and kinetics between lesions and repair proteins/polymerases
would complement MS-based assays.

Although DNA alkylation is generally considered deleterious,
alkylating agents are a class of widely used drugs in chemo-
therapy.>” Understanding how alkylating agents exert their
therapeutic effects and how cells respond to chemotherapeutic
alkylating agents would be important for drug discovery and
development.® In addition, it will provide insight into the
proper use of chemotherapeutic drugs. All these necessitate
elucidation of the roles of repair proteins and TLS polymerases
in coping with alkyl DNA lesions. MS displays high potential in
these applications, owing to its unambiguous quantification.
Moreover, by utilizing the CRISPR/Cas9 genome editing
method,***® manipulating single and even multiple genes
involved in DNA replicative bypass becomes more facile and
proficient, enabling the investigation of individual or syner-
gistic roles of repair proteins and TLS polymerases. Further-
more, MS-based assays have also been adopted in the evaluation
of the impact of DNA lesions on transcription, rendering them
more versatile in analytical method development.>~>*

Owing to the importance of understanding the biological
consequence of DNA lesions, the development, and applica-
tions of lesion bypass and mutagenesis assays have attracted
numerous attention.'™ Unfortunately, the CRAB assays
described here are of relatively low throughput and the analysis
costs hours even days to complete. In addition, it cannot
provide genome-wide information on DNA adducts. Thus, many
other biological assays for the determination of DNA lesion
bypass and mutation have been developed, such as chromatin
immunoprecipitation (ChIP)-based assay®® and next-generation
sequencing (NGS)-based assay.** For instance, the involvement
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of polymerases v and 0 in the replicative bypass of 8-oxo-7,8-
dihydroguanine was assessed with high-throughput, using the
construction of a shuttle vector-based NGS assay.”” However,
MS-based assays can still be a complementary tool to pinpoint
the exact type of mutations including frameshift mutations.***®
As the mutagenesis caused by environmental exposure will be
more complicated in the human body,*>** MS with high
resolving power is indispensable in quantitative and/or quali-
tative measurement. Therefore, combining MS and other
analytical methods would be an effective way to circumvent the
above-mentioned limitations. In addition, improvement of
sample preparation techniques, development of programmable
software, and application of high-resolution MS (e.g., Orbitrap
and time-of-flight) would be of top priority. With the develop-
ment of online separation and automatic injection, we envision
that high throughput and unattended analysis can be achieved
in the future.
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