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N*-methylcytosine (4mC) is a natural DNA modification occurring in thermophiles and plays important roles
in restriction-modification (R-M) systems in bacterial genomes. However, the precise location and
sequence context of 4mC in the whole genome are limited. In this study, we developed an APOBEC3A-
mediated deamination sequencing (4mC-AMD-seq) method for genome-wide mapping of 4mC at
single-base resolution. In the 4mC-AMD-seq method, cytosine and 5-methylcytosine (5mC) are
deaminated by APOBEC3A (A3A) protein to generate uracil and thymine, both of which are read as
thymine in sequencing, while 4mC is resistant to deamination and therefore read as cytosine. Thus, the
readouts of cytosines from sequencing could manifest the original 4mC sites in genomes. With the
4mC-AMD-seq method, we achieved the genome-wide mapping of 4mC in Deinococcus radiodurans
(D. radiodurans). In addition, we confirmed that 4mC, but not 5mC, was the major modification in the D.
radiodurans genome. We identified 1586 4mC sites in the genome of D. radiodurans, among which 564
sites were located in the CCGCGG motif. The average methylation levels in the CCGCGG motif and
non-CCGCGG sequence were 70.0% and 22.8%, respectively. We envision that the 4mC-AMD-seq
method will facilitate the investigation of 4mC functions, including the 4mC-involved R-M systems, in
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Introduction

DNA molecules employ four canonical nucleobases of adenine
(A), thymine (T), cytosine (C), and guanine (G) to encode genetic
information in living organisms. In addition to the four-base
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hereditary information, a variety of naturally modified nucleo-
bases have been identified in the genomes of living organ-
isms.*® N°®-Methyladenine (6mA) and 5-methylcytosine (5mC)
are the two most extensively characterized modifications in
bacterial DNA.”™ In addition to 6mA and 5mC, N*-methyl-
cytosine (4mC) was found to be present in some bacterial
genomes in the 1980s.*” Similar to 6mA and 5mC, 4mC also
participates in the bacterial restriction-modification systems (R-
M systems) that protect bacteria against bacteriophages and
other invasive foreign DNA." The traditional view of the func-
tions of these DNA modifications in R-M systems has been
progressively broadened to additional roles, such as the epige-
netic regulation of gene expression.'>* It has been proposed
that the methyl group of 6mA, 5mC, and 4mC protrudes from
the double helix, which may alter the interaction between DNA
binding proteins and their recognition sites.">*”

4mC is mostly found in the genomes of some thermophilic
bacteria.'® It has been recently reported that 4mcC also exists in
the genome of D. radiodurans, a bacterium with an exceptional
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DNA repair system." D. radiodurans is well known for its capa-
bility of resistance to y irradiation, UV light, oxidizing agents
and chemical mutagens.”>* However, knowledge about 4mC-
specific R-M systems, such as 4mC motifs and the corre-
sponding methyltransferases and restriction endonucleases, is
much less than that for 6mA and 5mC,* which is largely due to
a lack of efficient analytical methods for the detection of 4mC in
genomes. Revealing the functions of 4mC in genomes relies on
the sensitive detection, accurate quantification, and mapping of
4mC in genomes. Mass spectrometry has been established as an
effective technique for qualitative and quantitative analysis of
nuclei acid modifications.>*2® However, it is unable to achieve
genome-wide mapping of DNA modifications.

Bisulfite sequencing enables researchers to identify 5mC
sites in genomes at single-base resolution.* However, tradi-
tional bisulfite sequencing cannot distinguish 4mC from 5mC
because 5mC resists deamination and 4mcC is partially resistant
to deamination,® which will lead to complicated sequencing
results and is not suitable to accurately differentiate 4mC from
5mC. A 4mC-Tet-assisted-bisulfite-sequencing (4mC-TAB-seq)
approach was recently established for mapping 4mC.** In
4mC-TAB-seq, Tet protein was used to oxidize 5mC to 5-car-
boxylcytosine (5caC), which is read as thymine in bisulfite
sequencing. Therefore, both cytosine and 5mC are read as
thymine in 4mC-TAB-seq, whereas 4mC sites are partially read
as cytosine. This approach was coupled with the high-
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throughput sequencing platform, making it possible to map
4mC in the Caldicellulosiruptor kristjanssonii genome. However,
the harsh conditions for chemical deamination in bisulfite-
based strategies could lead to as much as 99.9% degradation
of input DNA.*>?

Single-molecule real-time (SMRT) sequencing is capable of
detecting modified bases.** However, compared with the
commonly used high-throughput sequencing technologies,
SMRT sequencing is more costly and frequently suffers from
a high false-positive rate and systematically overestimates 4mcC.
Greer et al. reported that SMRT sequencing analysis identified
6.0% of the cytosines as 4mcC in E. coli.*® However, the LC-MS/
MS quantification of E. coli demonstrated that 4mC was below
the limit of detection (<0.00005%).** This large discrepancy
between 4mC values suggests that SMRT sequencing incorrectly
calls 4mC peaks.*® Hence, the development of a 4mC-specific
mapping method compatible with  high-throughput
sequencing platforms will be particularly important for deci-
phering its functions.

It has been reported that the apolipoprotein B mRNA-editing
catalytic polypeptide-like (APOBEC) family enzymes can convert
cytosine to uracil in single-stranded DNA (ssDNA) and mediate
critical functions in viral infection and -carcinogenesis.*®
Recently, it was reported that APOBEC3A (A3A) protein exhibi-
ted high deamination activity towards both cytosine and 5mC in
DNA.*”"*° The cytosine and 5mC could be readily deaminated
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Fig. 1

Illustration of the deamination of cytosine, 4mC and 5mC by A3A protein. (A) Cytosine and 5mC are deaminated to form uracil and

thymine that pair with adenine. 4mC is resistant to deamination by A3A and thus still pairs with guanine. (B) Schematic illustration of the single-
base resolution mapping of 4mC in DNA by the 4mC-AMD-seq method. A3A treatment leads to the deamination of C and 5mCto formUand T,
respectively. Both U and T are read as T in sequencing. However, A3A will not deaminate 4mC. Thus, 4mC is read as C in sequencing.
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regardless of sequence context.*™*> Considering that 4mC
contains a methyl group at the N* position and was partially
resistant to bisulfite-mediated chemical deamination, we
reasoned that 4mC might also be resistant to deamination by
A3A protein (Fig. 1). Along this line, we developed an A3A-
mediated deamination sequencing (4mC-AMD-seq) method
for mapping 4mC in DNA at single-base resolution. In addition,
the 4mC-AMD-seq method was successfully applied to map
4mC sites in D. radiodurans DNA.

Materials and methods
Chemicals and reagents

2'-Deoxycytidine (dC), 2'-deoxyguanosine (dG), 2’-deoxy-
adenosine (dA), thymidine (T), 2’-deoxynucleoside 5'-triphos-
phates (dATP, dCTP, dGTP, TTP) and phosphodiesterase I were
purchased from Sigma-Aldrich (St. Louis, MO, USA). 5-Methyl-
2/-deoxycytidine (5mdC) was purchased from Berry & Associates
(Dexter, MI, USA). N*-Methyl-2’-deoxycytidine-5'-triphosphate
(4mdCTP) and  5-methyl-2’-deoxycytidine-5'-triphosphate
(5mdCTP) were purchased from TriLink BioTechnologies (San
Diego, CA, USA). 2'-Deoxyurdine (dU) was purchased from
Meryer Chemical Technology Co., Ltd (Shanghai, China). 3-
Methyl-2'-deoxycytidine (3mdC) was synthesized and the details
can be found in the ESIL{ S1 nuclease, DNase I, and alkaline
phosphatase were purchased from Takara Biotechnology Co.
Ltd (Dalian, China).

Bacteria culture and DNA isolation

D. radiodurans strain R1 was purchased from China General
Microbiological Culture Collection Center (CGMCC 1.3828). D.
radiodurans cells were grown in tryptone glucose yeast extract
(TGY) liquid media or on agar plates (0.5% tryptone, 0.1%
glucose, and 0.3% yeast extract) at 30 °C. As for the stable
isotope labelling, D. radiodurans cells were cultured in TGY
liquid medium supplemented with 50 or 500 ug mL™" of Ds-
methionine to metabolically label the methyl group in genomic
DNA with the CD; group. The cells were collected after culturing
for 12 h and then DNA was extracted. Bacterial DNA was isolated
using an Ezup Column Bacteria Genomic DNA Purification kit
(Sangon, Shanghai, China) according to the manufacturer's
instructions.

Preparation of DNA with 4mC or 5mC modification

Three kinds of 215-bp double-stranded DNA (dsDNA) substrates
(DNA-C, DNA-4mC, and DNA-5mC) were prepared as the stan-
dards for the method development. DNA-C, DNA-4mC, and
DNA-5mC share the same sequence context and the detailed
sequence information can be found in ESI Table S1.} As for the
synthesis of DNA-C, 0.5 ng of pUC19 DNA was used as the
template for PCR amplification. PCR amplification was carried
out in a 50 pL reaction solution including 2.5 U of Taq DNA
polymerase (Takara Biomedical Technology), 5 uL of 10x reac-
tion buffer, 1 pL of dATP, dGTP, TTP, and dCTP (2.5 mM for
each), 2 uL of 10 uM forward primer (5-GAGTGAGTGAGG-
GAGGAAG-3'), and 2 pL of 10 uM reverse primer (5'-
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CCACTCACAATTCCACACAACATAC-3’). DNA-4mC and DNA-
5mC were prepared by PCR amplification using 4mdCTP and
5mdCTP instead of dCTP, respectively. In DNA-4mC and DNA-
5mC DNA substrates, all the cytosines were replaced by 4mC
or 5mC respectively (except for the cytosines in PCR primers).
PCR conditions were 95 °C for 2 min, 30 cycles of 95 °C for
1 min, 52 °C for 2 min, 72 °C for 3 min, followed by 72 °C for
7 min. The PCR products were purified by agarose gel electro-
phoresis and recovered using a Gel Extraction kit (Omega Bio-
Tek Inc., Norcross, GA, USA).

Expression and purification of recombinant A3A protein

The plasmid for A3A protein expression (pET-41a-A3A) was
purchased from TsingKe Co., Ltd. pET-41a-A3A plasmid
contains the full-length coding sequence of A3A in the pET-41a
vector, which carries the glutathione S-transferase (GST) tag and
the human rhinovirus 3C protease (HRV 3C) site. A3A protein
was expressed and purified according to the previously
described procedure,** and the details can be found in the ESL.}

Deamination assay

Three kinds of 215-bp dsDNA (DNA-C, DNA-4mC, and DNA-
5mC) were used as the substrates to evaluate the deaminase
activity of A3A protein on cytosine, 4mC and 5mC. The dsDNA
substrates were first denatured at 95 °C for 10 min and then
cooled at 0 °C for 2 min. Then A3A protein was added into the
denatured DNA. The deamination reaction was carried out at
37 °C for 2 h in a 20 pL solution of 20 mM MES (pH 6.5), 0.1%
Triton X-100, 2 uL of DMSO, and 1 pmol of DNA substrate (DNA-
C, DNA-4mC or DNA-5mC). Varied amounts of A3A protein were
used for the deamination reaction in the steady-state kinetics
study. The deamination reaction was terminated by incubating
the solution at 95 °C for 10 min. The deamination rate was
determined by LC-MS/MS analysis or Sanger sequencing.

Enzymatic digestion of DNA

Enzymatic digestion of DNA was carried out according to
a previously described method.**** The detailed procedure can
be found in the ESL.{

LC-MS/MS analysis

LC-MS/MS analysis of nucleosides was performed on an LC-ESI-
MS/MS system consisting of a Shimadzu LC-30AD UPLC (Tokyo,
Japan) and a Shimadzu LC/MS-8045 mass spectrometer. Data
acquisition and processing were performed using LabSolution
Software (Shimadzu). The LC separation was performed on
a Shimadzu Shim-pack GIST C18 column (2.1 i.d. x 100 mm, 2
um) with a flow rate of 0.3 mL min ™" at 40 °C. Water with 0.05%
formic acid (solvent A) and methanol (solvent B) were employed
as mobile phases. A gradient of 0-1.5 min 5% B, 1.5-3 min 5-
40% B, 3-6.5 min 40% B, 6.5-7 min 40-5% B, and 7-12 min 5%
B was used.

Tandem MS/MS was performed under positive electrospray
ionization (ESI) mode. The ESI parameters were set as follows:
interface voltage at 3.0 kV, nebulization gas flow rate at 3.0
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L min~", drying gas flow rate at 10.0 L min ", desolvation line
(DL) temperature at 250 °C, and heat block temperature at
400 °C. The MS fragments of 4mdC and 5mdC were obtained
under product ion scan mode. The parent ion of [M + H]" (m/z
242.2) was fragmented under collision-induced dissociation
(CID) with a collision energy of 10 V or 40 V. The mass transitions
of dG (268.2 — 152.1), dA (252.2 — 136.1),dC (228.2 — 112.1), T
(243.2 — 127.0), 4mdC/5mdC (242.2 — 126.1), 4mdC (242.2 —
95.1), and dU (251.2 — 135.1) were used for monitoring under
multiple reaction monitoring (MRM) mode. The MRM parame-
ters of all nucleosides were optimized and the detailed mass
spectrometer parameters are listed in ESI Table S2.}

4mC in D. radiodurans DNA was also examined on an LTQ
Orbitrap Elite mass spectrometer (Thermo Fisher Scientific,
USA) equipped with a Dionex Ultimate 3000 UPLC system
(Thermo Fisher Scientific, USA). The LC separation conditions
were the same as those for the Shimadzu LC/MS-8045 mass
spectrometer system. The MS analysis was performed under
positive ion mode with full scan detection (MS", m/z 200-300) at
a resolution of 60 000. The MS? fragmentation was based on the
precursor ion of [M + H]" (m/z 242.11) under CID with a collision
energy of 15 eV. The most abundant product ion (m/z 126.06) in
MS? spectra was selected for the MS® analysis under CID mode
with a collision energy of 28 eV. The data analysis was carried
out using Xcalibur v3.0.63 (Thermo Fisher Scientific, USA).

Steady-state kinetics study

The deaminase activity of A3A protein toward cytosine, 4mC
and 5mC on DNA was evaluated by a steady-state kinetics study.
A3A protein concentration and time interval for each dsDNA
substrate (DNA-C, DNA-4mC, and DNA-5mC) were optimized
with the deamination rate within 20% at 37 °C (ESI Table S3t).
The concentration of the dsDNA substrate (DNA-C, DNA-4mC,
and DNA-5mC) was initially 100 nM and A3A concentrations
were 2.4 nM for DNA-C and DNA-5mC, and 240 nM for DNA-
4mC. Increasing dsDNA concentrations (0.1-1 uM) were used
to construct the Michaelis—-Menten equation curve. Quantitative
measurement of nucleosides was conducted by LC-MS/MS
analysis, and the standard curves of dC, 4mdC, and 5mdC
were constructed to calculate the amounts of the nucleosides.
Deamination rate was calculated by quantifying dC, 4mdC, and
5mdC of A3A-treated and untreated samples with the following
formula: deamination rate = ([Co] - [C])/t. The [C,] value
represents the initial amount of dC, 4mdC or 5mdC without
A3A treatments, and the [C] value represents the amount of dC,
4mdC or 5mdC after A3A treatment, and the ¢ value represents
the incubation time. k., and Ky, were calculated with nonlinear
regression fitting to the Michaelis-Menten equation: deamina-
tion rate = (kead) ([S])/(Knm + [S])- kcar and Ky values represent the
maximum rate of reaction and the Michaelis constant respec-
tively, and [S] is the concentration of the DNA substrate.

Single-base resolution analysis of 4mC in DNA by Sanger
sequencing

A3A protein-treated and untreated dsDNA substrates (DNA-C,
DNA-4mC, and DNA-5mC) were amplified by PCR using

© 2022 The Author(s). Published by the Royal Society of Chemistry
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EpiMark® Hot Start Taq DNA polymerase (New England Biol-
abs). PCR amplification was carried out with initial denatur-
ation at 95 °C for 3 min, and 35 cycles of 95 °C for 30 s and 65 °C
for 75 s, followed by 5 min of elongation at 65 °C. The forward
primer (5-GAGTGAGTGAGGGAGGAAG-3') and reverse primer
(5'-CCACTCACAATTCCACACAACATAC-3') were used for the
PCR amplification. The resulting PCR products were subjected
to Sanger sequencing (TsingKe).

Quantitative analysis of the level of 4mC at individual sites in
DNA by colony sequencing

To quantitatively measure the level of 4mC at individual sites in
DNA, different ratios of DNA-C and DNA-4mC were mixed and
subjected to colony sequencing. Briefly, the DNA-C and DNA-
4mC were mixed with percentages of DNA-4mC/(DNA-4mC +
DNA-C) being 0%, 33%, 66%, and 100%. These samples were
then treated with A3A protein at 37 °C for 2 h followed by PCR
amplification and colony sequencing. Forty clones for each
sample were picked up and subjected to Sanger sequencing
(TsingKe).

Preparation of spike-in DNA

The PCR amplificated 215 bp dsDNA (DNA-4mC) was used as
the 4mC spike-in DNA. The 304 bp unmodified C spike-in and
237 bp 5mC modified spike-in were produced by PCR amplifi-
cation from the pUC19 plasmid with dCTP and 5mdCTP,
respectively. Detailed sequences of the primers and the spike-
ins can be found in ESI Table S1.t

Sequencing library preparation for 4mC-AMD-seq

The 4mC-AMD-seq libraries for D. radiodurans were prepared as
follows. D. radiodurans DNA (100 ng in 400 pL of water) was
fragmented to an average size of 300-400 bp using an ultrasonic
homogenizer (Scientz Biotechnology Co., Ltd, China). The
sheared DNA was lyophilized to dryness and then reconstituted
in water. The resulting DNA, spiked with 0.1% of C spike-in,
5mC spike-in, and 4mC spike-in, was end-repaired and adeny-
lated at 30 °C for 20 min and immediately at 72 °C for 20 min
using a Hieff NGS® Ultima Endprep Mix (Yeasen Biotechnology
Co., Ltd, Shanghai). Adaptor-OH and adaptor-P (ESI Table S4)
were mixed at a final concentration of 20 uM each in 1x
annealing buffer (Beyotime Biotechnology, Shanghai) and then
incubated at 95 °C for 5 min followed by cooling gradually to
25 °C. Adaptor ligation was performed at 20 °C for 15 min using
a Hieff NGS® Ultima DNA Ligation Module (Yeasen) followed by
DNA purification using KAPA Pure beads (Roche). The adaptor
ligation was confirmed by 20% native PAGE. The resulting DNA
(16 pL) was added with 2 pL of DMSO and then denatured at
95 °C for 10 min and immediately cooled at 0 °C. The deami-
nation reaction by A3A protein was carried out at 37 °C for 2 h at
a final concentration of 20 mM MES (pH 6.5), 0.1% Triton X-100
and 6 pM A3A protein. The resulting A3A-deaminated DNA was
amplified by PCR with 10 cycles using pre-P5 primer, pre-P7
primer (ESI Table S4t), and Q5U® Hot Start High-Fidelity
DNA polymerase (New England Biolabs). After purification
with KAPA Pure beads, the DNA products were amplified by PCR
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with 5 cycles using P5-universal primer, P7-index primer (ESI
Table S41), and Q5® Hot Start High-Fidelity 2x Master Mix
(New England Biolabs). The final PCR products were purified
with KAPA Pure beads and 1.5% agarose gel electrophoresis and
examined using an Agilent 2100 before sequencing on the
Illumina NovaSeq 6000 platform (Novogene Co., Ltd, China).

Data processing

FastQC (v0.11.8) software was used to perform quality control
on the raw data (fastq format) obtained by sequencing. Then,
the raw reads were trimmed to remove low-quality bases and
adaptor sequences with Trim Galore (v0.6.7) and Cutadapt (v3.5
with Python 3.9.7). Trimmed reads were mapped to the refer-
ence genome of D. radiodurans (NCBI accession: ASM832978v1)
by Bisamrk (v0.23.1). Then, Bismark (v0.23.1) was used to
remove PCR duplication and extract methylation sites. For each
site, the number of “C” bases was counted as 4mC sites
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(denoted N) and the number of “T”’ bases was counted as not
4mC sites (denoted Ny). The sequencing depth and coverage of
samples were calculated using samtools (v1.9) software. For
screening of 4mcC sites, parameters of the sequencing depth =
100 and methylation level (defined as methylation level = N¢/
(N¢ + N1)) = 0.1 were used based on statistical results generated
from the Bismark methylation extractor. The 6 bp contexts of
upstream and downstream of 4mC sites were extracted and
used for the motif searching and identification with STREME
(v5.4.1).

Results
Differential deamination of cytosine, 4mC and 5mC by A3A
protein

The previous report demonstrated that A3A protein could effi-
ciently remove the NH, group at the N* position of both cytosine
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Fig.2 Evaluation of the deaminase activity of A3A protein on cytosine, 4mC and 5mC by LC-MS/MS. Three synthesized 215-bp dsDNAs (DNA-C,
DNA-4mC, and DNA-5mC) were used for the evaluation. (A) Extracted-ion chromatograms of the dC standard, dC from DNA-C without or with
A3A treatment. (B) Extracted-ion chromatograms of the dU standard, dU from DNA-C without or with A3A treatment. (C) Extracted-ion
chromatograms of 4mdC and 5mdC standards, 5mdC from DNA-5mC without or with A3A treatment. (D) Extracted-ion chromatograms of
4mdC and 5mdC standards, 4mdC from DNA-4mC without A3A or with A3A treatment.
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and 5mC in DNA to form uracil and thymine, respectively
(Fig. 1A).** Different from cytosine and 5mC, 4mC carries
a methyl group that replaces one hydrogen atom of the NH,
group at the N* position of cytosine. We speculated that the
methyl group might compromise the deamination of 4mC by
A3A protein (Fig. 1A). In this respect, the differential deamina-
tion between cytosine/5mC and 4mC by A3A protein may offer
the opportunity to develop a single-base resolution method to
map 4mC in DNA. In this proposed strategy, A3A protein
converts cytosine and 5mC to form uracil and thymine,
respectively, both of which will pair with adenine (Fig. 1A). If
4mC is resistant to the deamination by A3A protein, 4mC still
pairs with guanine (Fig. 1A). Therefore, the differential coding
properties of cytosine/5mC and 4mC after conversion by A3A
protein can be recorded by sequencing, which can achieve the
single-base resolution mapping of 4mC in DNA (Fig. 1B).

We first expressed and purified the recombinant A3A protein
(ESI Fig. S1t). Three synthesized 215-bp dsDNA (DNA-C, DNA-
4mC, and DNA-5mC) were employed to evaluate the deamina-
tion of cytosine, 4mC and 5mC by A3A protein (ESI Table S1 and
Fig. S21). The dsDNA substrates were first denatured to single-
stranded DNA (ssDNA) and then treated with A3A protein. The
resulting products were enzymatically digested and the released
nucleosides were analyzed by LC-MS/MS (ESI Table S21). The
results showed that the peak of dC from DNA-C was almost
undetectable and dU was observed from the deamination of
cytosine (Fig. 2A and B). In addition, the peak of 5mdC from
DNA-5mC was also undetectable after A3A treatment (Fig. 2C).
However, the peak intensity of 4mdC from DNA-4mC remained
the same after A3A treatment (Fig. 2D). These results demon-
strated that, as per our speculation, A3A protein could effi-
ciently deaminate cytosine/5mC, but not 4mC in DNA.

We next quantitatively evaluated the deamination efficiency
of A3A protein toward cytosine, 4mC and 5mC by carrying out
the steady-state kinetics study (detailed reaction conditions can
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be found in ESI Table S3}). The results showed that A3A
exhibited high deamination activity toward cytosine (kc./Ky =
125 pM ' min"") and 5mC (kear/Kpy = 31 M min ) (Fig. 3A).
However, A3A showed a dramatic diminution of deamination
activity toward 4mC (kea/Ky = 0.08 uM ™~ min ™7, Fig. 3A). The
steady-state kinetics analysis revealed a 1562-fold and 387-fold
decrease of 4mC deamination rate compared to that of cytosine
and 5mC, respectively (Fig. 3A-D). Collectively, the quantitative
evaluation by steady-state kinetics analysis demonstrated that
A3A exhibited differential deamination activity toward cytosine,
4mC and 5mC.

Single-base resolution analysis of 4mC in DNA by Sanger
sequencing

The differential deamination of cytosine, 4mC and 5mC by A3A
protein offers the opportunity to map 4mC sites in DNA at
single-base resolution with the A3A-mediated deamination
sequencing (4mC-AMD-seq). In this respect, we first employed
Sanger sequencing to examine the nucleobase conversion in
DNA-C, DNA-4mC and DNA-5mC after A3A treatment. The
results showed that all the cytosines in DNA-C and all the 5mC
in DNA-5mC were read as thymine upon A3A treatment (Fig. 4A
and B). In contrast, all the 4mC sites in DNA-4mC were still read
as cytosine after A3A treatment (Fig. 4C). These results dis-
played that cytosine/5mC were read as thymine, while 4mC was
read as cytosine with the 4mC-AMD-seq method, indicating that
the 4mC-AMD-seq was capable of the single-base resolution
analysis of 4mC in DNA.

We next quantitatively measured the C-to-T conversion rates
at each cytosine, 4mC and 5mC site. The deaminated DNA-C,
DNA-4mC, and DNA-5mC were amplified by PCR and then
subjected to colony sequencing. The results showed that all the
2120 cytosine sites in DNA-C from 40 clones were read as
thymine after A3A treatment (Fig. 4D, and ESI Fig. S3 and S47),
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Substrate Koot (Min~T) Ky (UM) Koo Ky (UM~ min-T) Relative activity
C 28.77 + 1.24 0.23 £+ 0.01 125 1.0
5mC 12.01 £ 0.52 0.38 + 0.12 31 0.248 + 0.011
4mC 0.066 + 0.009 0.81 +£ 0.21 0.08 6.4 (+ 0.9) X104
B C D
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Fig. 3 Quantitative evaluation of the deamination activity of A3A toward cytosine, 4mC and 5mC with steady-state kinetics analysis. (A) Kinetic
constants of A3A acting on cytosine, 4mC and 5mC. (B—D) Rate versus substrate concentration curves of the substrates of DNA-C, DNA-5mC,

and DNA-4mC. Data were fit with the Michaelis—Menten equation.
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Fig. 4 Single-base resolution analysis of 4mC in DNA by Sanger sequencing. (A—C) 215-bp dsDNA substrates (DNA-C, DNA-5mC, and DNA-
4mC) were employed for the development of the 4mC-AMD-seq method by Sanger sequencing. Both C and 5mC were deaminated upon A3A
treatment and all the cytosines and 5mC sites were read as thymine. 4mC was resistant to deamination by A3A protein and was still read as
cytosine. Arrows denote deamination events (C-to-T conversion). (D) Evaluation of the C-to-T conversion upon A3A treatment by colony
sequencing. (E-H) Quantitative evaluation of the level of 4mC at individual sites by 4mC-AMD-seq with colony sequencing. Various ratios of
DNA-C and DNA-4mC were mixed and used as the DNA template for 4mC-AMD-seq. The X-axis indicates the position of cytosines (53 cytosines

per strand). Detailed sequences are shown in ESI Table S1.}
sequencing to the theoretical percentages of 4mC/(4mC + C).

indicating that cytosines were completely deaminated by A3A
protein. As for DNA-5mC, 2094 5mC sites from 40 clones (totally
2120 cytosines) were read as thymine after A3A treatment with
the overall 5mC-to-T conversion rate being 98.8% and only 1.2%
residual cytosines being detected (Fig. 4D and ESI Fig. S5 and
S6t). In contrast, 2056 cytosine sites were detected from 40
clones in DNA-4mC after A3A treatment with the overall 4mC-to-
T conversion rate being only 3.0%, and 97.0% 4mC sites are
kept (Fig. 4D and ESI Fig. S7 and S8t). Collectively, the colony
sequencing results demonstrated the distinctly different coding
properties between cytosine/5mC and 4mC in DNA upon A3A
treatment, suggesting that the 4mC-AMD-seq method is capable
of mapping 4mC in DNA at single-base resolution.

Quantitative analysis of the level of 4mC at individual sites in
DNA

We next assessed the possibility of the quantitative measure-
ment of the 4mcC level at individual sites in DNA by the 4mC-
AMD-seq method. To this end, we prepared a variety of
mixtures of DNA-C and DNA-4mC with the molar percentages of
DNA-4mC/(DNA-C + DNA-4mC) being 0%, 33%, 66% and 100%.

9966 | Chem. Sci, 2022, 13, 9960-9972

(I) Linear regression analysis by plotting the measured ratios of C/(C + T) with colony

The mixture was subjected to A3A treatment, PCR amplification,
and colony sequencing. The results showed that all the cyto-
sines from 40 clones were converted to thymine from the
sample of 0% DNA-4mC (Fig. 4E). In the samples of 33%, 66%,
and 100% of DNA-4mC, we observed the mean measured ratios
of C/(C + T) from original cytosine/4mC sites to be 32.9% (28-
40%), 64.8% (58-74%), and 98.1% (90-100%), respectively
(Fig. 4F-4H). The linear regression analysis showed that the
measured levels of 4mC were proportional to the theoretical
percentages of 4mC (slope = 0.98 + 0.01, R*> = 0.999) (Fig. 4I).
Taken together, the results demonstrated that the quantitative
analysis of the 4mC level at individual sites in DNA could be
achieved by the 4mC-AMD-seq method.

Determination of 4mC in D. radiodurans DNA

D. radiodurans is a kind of bacterium with extreme resistance to
the lethal damage of DNA.> DNA modifications may play roles
in the resistance capability of D. radiodurans to damaging
reagents. However, there were discrepant reports on the exis-
tence of methylated cytosine in D. radiodurans DNA.*>* D.
radiodurans DNA was previously reported to contain 5mC

© 2022 The Author(s). Published by the Royal Society of Chemistry
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detected by immunoblotting.* In contrast, a recent study by the
enzyme-linked apta-sorbent assay revealed the absence of 5mC
in D. radiodurans DNA.*®

Herein, we employed LC-MS/MS to determine the methyl-
ated cytosines in D. radiodurans DNA. Under the optimized LC
conditions, 4mC and 5mC can be well separated with the
retention times of 4mC and 5mC being 1.56 min and 1.69 min,
respectively (Fig. 5A). The LC-MS/MS analysis showed that 4mC
was clearly detected; however, 5mC was not detectable in D.
radiodurans DNA (Fig. 5A). We also added the 4mC or 5mC
standard to the digested D. radiodurans DNA. The results
further confirmed that the detected peak from D. radiodurans
DNA was 4mC, but not 5mC (Fig. 5A). Moreover, no 4mC signal
was detected from the enzymes-only control or the synthetic
DNA control (Fig. 5A), excluding the potential source of 4mC
from enzymes used for DNA digestion.

The stable isotope tracing monitored by mass spectrometry
further confirmed the existence of 4mC in D. radiodurans DNA
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(Fig. 5B). We treated D. radiodurans cells with stable isotope-
labelled methionine (Dj-methionine). Methionine could be
converted to S-adenosyl-z-methionine (SAM), which was
a universal methyl donor for DNA methylation.”” The result
showed that with the increased concentration of D;-methionine
from 50 to 500 pg mL ', the detected percentage of D3-4mdC
was increased from 9.9% to 61.9% (Fig. 5C and D and ESI
Fig. S97), suggesting the presence of 4mC in D. radiodurans
DNA, and the methyl group of 4mC originates from SAM.

The tandem MS/MS analysis showed that both 4mC and
5mC produced the fragment ion m/z 126 under a collision
energy of 10 V (ESI Fig. S10%). With a higher collision energy of
40 V, 4mC produces a characteristic ion m/z 95 in comparison
with 5mC (ESI Fig. S107). The product-ion spectra of 4mC and
5mC standards indicated that the ion of m/z 95 should arise
from the loss of methylamine (31 Da) (ESI Fig. S107), which is
consistent with the presence of a methyl group on a nitrogen
atom. Therefore, the ion of m/z 95 is a characteristic fragment of
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Fig. 5 Determination of 4mC in D. radiodurans DNA by LC-MS/MS. (A) Extracted-ion chromatograms for the detection of 4mC from different
samples. The mass transition (m/z 242.2 — 126.1) was chosen for monitoring 4mdC and 5mdC. "Enzyme only" represents the sample only
containing the enzymes used for digestion and omitting D. radiodurans DNA. "Synthetic DNA control” represents the sample of synthesized 215-
bp DNA-C. (B) D3-Methionine was added to the TGY medium and metabolically labelled the methyl group of 4mC in D. radiodurans DNA. (C)
Extracted-ion chromatograms of the 4mdC (in black) and Dz-4mdC (in red) from D. radiodurans DNA supplemented with 0, 50, and 500 pg mL™*
of Dz-methionine. (D) Histogram of the percentages of D3-4mdC/(Ds-4mdC + 4mdC) from D. radiodurans DNA supplemented with 50 and 500
ug mL™ of Ds-methionine. (E) LC-MS/MS quantification of the level of 4mC in D. radiodurans DNA at different growth stages. Error bars
represent standard deviation from three independent replicates.
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4mC compared with 5mC. D. radiodurans DNA showed similar
fragment ions (including the characteristic ion of m/z 95) to the
4mC standard (ESI Fig. S1071), indicating the presence of 4mC in
D. radiodurans DNA. In addition, high-resolution mass spec-
trometry further verified that the characteristic ion of m/z
95.0238 was produced by the 4mC standard and D. radiodurans
DNA (ESI Fig. S11 and S12f). Collectively, these results sug-
gested that 4mC, but not 5mC, existed in D. radiodurans DNA.
Our results also showed that other DNA modifications, such as
3-methylcytosine (3mC), 5hmC, 5fC, and 5caC, were absent in
D. radiodurans (ESI Fig. S13 and S14t).

With the confirmed presence of 4mC in D. radiodurans DNA,
we further quantified the content of 4mC in D. radiodurans
DNA. The LC-MS/MS analysis showed that the global content of
4mC in D. radiodurans DNA with 4, 8, 12 and 16 h of culturing
was 0.111%, 0.110%, 0.078% and 0.064% (4mdC/dC), respec-
tively (Fig. 5E and ESI Fig. S157). The measured levels of 4mC
are comparable to a previous report that there is approximately
0.13% of 4mC (4mC/C) in the genome of D. radiodurans.” It
should be noted that the overall content of 4mC in D. radio-
durans DNA does not indicate the methylation level at indi-
vidual loci.

Genome-wide mapping of 4mC in D. radiodurans DNA by
4mC-AMD-seq

We next employed the 4mC-AMD-seq method to map 4mcC sites
in D. radiodurans DNA (ESI Fig. S16 and Table S5f). We vali-
dated the deamination rates of A3A towards C, 5mC, and 4mC
with spike-in controls by colony sequencing (ESI Table S67). In
accordance with the method development results, only 0.2% of
cytosine sites on unmodified C spike-in DNA were read as C
after A3A deamination (Fig. 6A), which is comparable with the
previously reported deamination rate of A3A to cytosines in DNA
(0.2-0.3% remaining residual cytosines).*>*® 0.2% of non-
deaminated cytosines indicated a low false positive rate for
4mC-AMD-seq. We also observed an average non-deamination
rate of 5mC (1.4%) and 4mC (96.9%) on 5mC and 4mC spike-
in DNA (Fig. 6A). Although 0.2% of cytosines in spike-in DNA
are not deaminated, the non-deaminated cytosines were not at
the same sites of DNA and they were randomly distributed in
DNA, which would not affect the identification of 4mC in high-
throughput sequencing with high sequencing depth (average
616x sequencing depth, ESI Table S57).

We first analyzed the raw reads produced by 4mC-AMD-seq.
Three biological replicates were measured and 63.1-79.4% of
the raw reads from each replicate could be uniquely mapped to
the D. radiodurans R1 reference genome, yielding an average
read coverage of 99.3% and average sequencing depth of 616 x
of genome (ESI Table S5%). To accurately identify 4mC sites,
a threshold of sequencing depth (=100) and methylation level
(=10%) was employed for 4mC site calling. We identified 2067,
2148, and 2345 4mC sites in D. radiodurans DNA in three bio-
logical replicates (Rep 1, Rep 2, and Rep 3), respectively (ESI
Table S57). The 4mC sites were highly correlated among the
three replicates (Pearson correlation coefficients > 0.98, ESI
Fig. S171). Among the three replicates, 1586 4mC sites (53.1%)
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were overlapped (Fig. 6B). The annotation analysis showed that
4mC sites were mainly enriched in the gene downstream region
(Fig. 6C and ESI Fig. S187).

The distribution analysis of 4mC sites showed that a highly
conserved motif of C(4mC)GCGG was observed (E-value = 3.4 x
10~%) (Fig. 6D). Among the overlapped 4mC sites from the three
replicates, 35.6% of 4mC sites (564 sites) were present in the
C(4mC)GCGG context, which accounted for 83.7% of the total
number of CCGCGG in D. radiodurans DNA (Fig. 6E). 4mC in
C(4mC)GCGG context occurred on all the two chromosomes
and two plasmids of D. radiodurans (Fig. 6E). From a represen-
tative region that contains the C(4mC)GCGG motif obtained by
4mC-AMD-seq, it can be seen that the second cytosine was
highly methylated on both of the + and — strands (86.1% and
88.0%, respectively) (Fig. 6F). In addition, the statistical analysis
demonstrated that the overall methylation level of the second
cytosine of the CCGCGG motif in different replicates (Rep 1, Rep
2, and Rep 3) was mainly between 50% and 90% (Fig. 6G and ESI
Fig. S197).

A Circos plot was generated to illustrate the overall distri-
bution and level of 4mC sites (1586 sites) that were commonly
identified in all three replicates (Fig. 7A). The results showed
that 4mC sites were generally symmetrically distributed in both
the + and — strands of D. radiodurans DNA in terms of their
location and level (Fig. 7A, outer two circles). The overall 4mC
level in D. radiodurans DNA detected by 4mC-AMD-seq (0.30 +
0.11%, ESI Table S61) was comparable with the overall 4mC
level detected by LC-MS/MS (0.1%) (Fig. 5E). Compared to the
methylation level of all the 4mC sites in the whole genome, the
methylation level of 4mC in the C(4mC)GCGG motif was much
higher (Fig. 7A, middle two circles; ESI Fig. S171). The average
methylation levels in the CCGCGG motif and the non-CCGCGG
sequence were 70.0% and 22.8%, respectively (Fig. 7B).

Having obtained the 4mC motif in D. radiodurans DNA by the
4mC-AMD-seq method, we further verified 4mC modification in
the CCGCGG motif in seven specific regions using Sanger
sequencing. After deamination with A3A protein, D. radiodurans
DNA was amplified by locus-specific primers (ESI Table S77),
and the PCR products were subjected to Sanger sequencing. The
result indicated that all seven CCGCGG loci were N*-methylated
at the second cytosine (ESI Fig. S20t), indicating the good
accuracy of the 4mC-AMD-seq method in profiling 4mC in
genomes.

Discussion

Both 6mA and 5mC have long been known to exist in bacterial
DNA and function in R-M systems. Similar to 6mA and 5mC,
4mC also exists in some thermophilic bacteria. However, rela-
tively little is known about the function of 4mC beyond its role
in the R-M systems.

Studies on the biological functions of 4mC heavily rely on the
methods used for 4mC analysis. In general, analysis of 4mC
includes the qualitative and quantitative detection of 4mC and
the mapping analysis of 4mC in genomes. Since three isomers
of methylated cytosines, 3mC, 4mC and 5mC, could be poten-
tially present in genomes of living organisms, effective
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Fig. 6 Single-base resolution mapping of 4mC in D. radiodurans DNA by 4mC-AMD-seq. (A) Non-conversion rate of unmodified, 5mC, and
4mC containing spike-in DNA. (B) Venn diagram showing the identified 4mC sites in three replicates. (C) Distribution of 4mC in the gene body
and 100 bp upstream and downstream of genes. (D) Motif sequence profile and sequence conservation analysis. (E) The theoretical numbers of
CCGCGG motifs in D. radiodurans DNA and the detected numbers of C(4mC)GCGG motifs in D. radiodurans DNA by 4mC-AMD-seq. (F) A
representative map for 4mcC sites on chromosome 1 (position: 558 179-558 228) in D. radiodurans DNA by 4mC-AMD-seq. The sequenced +
and — strands were mapped to the reference genome of D. radiodurans, and the CCGCGG context on both of the + and — strands was highly
modified with 4mC (86.1% and 88.0%, respectively). (G) Methylation level distributions of 4mC sites in the CCGCGG motif in D. radiodurans DNA.

separation and distinct detection of these methylated cytosines
are essential for their functional studies. Due to the lack of an
effective detection method, there were discrepant reports on the
existence of methylated cytosine in D. radiodurans DNA.*>*¢
With the optimized composition of the mobile phases in LC-
MS/MS analysis, we achieved the unambiguous detection of

© 2022 The Author(s). Published by the Royal Society of Chemistry

3mC, 4mC and 5mC from DNA, which offers a valuable platform
to clarify some previous conflicting findings. It will also be
feasible to confirm modifications already identified, or to
identify methylated cytosines in uncharacterized species by our
developed LC-MS/MS method.
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Fig.7 Distribution and level of 4mC sites in D. radiodurans DNA. (A) Circos plot of the distribution and level of 4mC sites across chromosomes 1
and 2, and plasmids pMP1 and pSP1 of D. radiodurans. Outer two circles: distribution and level of all the identified 4mC sites in the + and —
strands. Middle two circles: distribution and level of all the identified 4mC sites in the CCGCGG motif in the + and — strands. Inner circle:
distribution of genes on the + (blue) and — (yellow) strands of D. radiodurans DNA. (B) Methylation levels of 4mC sites in the CCGCGG motif and

non-CCGCGG motif in three replicates.
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The crystal structure of A3A bound to single-stranded DNA
indicated that the carbonyl oxygen atoms of W98 and S99
formed a bifurcated hydrogen bond to NH,, which favors cyto-
sine positioning.** However, after the replacement of one
hydrogen atom by the methyl group in 4mC, only one hydrogen
bond could be formed with one of the carbonyl oxygen atoms of
W98 or $99. In addition, the interaction between 4mC and W98
or S99 may be affected by the steric hindrance of the CH; group
at the N* position of 4mC, which could compromise the
deamination activity toward 4mC. This observation and spec-
ulation encouraged us to characterize the differential deami-
nation activity of A3A protein toward cytosine/5mC and 4mC,
with which we eventually develop the bisulfite-free 4mC-AMD-
seq method for single-base resolution mapping of 4mcC in D.
radiodurans DNA. This idea of selective conversion of nucleo-
bases or modified nucleobases in DNA by enzymes that enables
the subsequent altered base pairing of nucleobases and modi-
fied nucleobases may also be utilized to map other nucleic acid
modifications in the future. In case no wild-type enzymes meet
the requirements, protein evolution technology could be
employed to screen appropriate enzymes.

Unlike the harsh chemical conditions typically used in
bisulfite-based sequencing approaches, the deamination reac-
tion by A3A protein was performed under mild and non-
destructive conditions in the 4mC-AMD-seq method, which
could allow the low initial DNA input. This is particularly useful
for those mapping studies of DNA modifications with limited
biological or clinical samples. Since A3A could effectively
deaminate cytosine and 5mC, but not 4mC in DNA, the 4mC-
AMD-seq method is also capable of precisely mapping 4mC
under the circumstance where both 4mC and 5mC exist in
genomes. In addition, the non-destructive 4mC-AMD-seq
method can be potentially coupled with long-read sequencing
technologies, such as nanopore sequencing, in future studies.

We identified 1586 4mC sites in the D. radiodurans genome
and 564 sites were located in the C(4mC)GCGG motif, which is
consistent with previously reported results obtained by SMRT
sequencing.” In addition, it has been demonstrated that
the M.DraR1 methyltransferase is responsible for methylating
the second cytosine in the CCGCGG motif." Knockout
of M.DraR1 in D. radiodurans showed a 9-fold increase of
spontaneous rifampin mutation frequency and >100-fold
increase in transformation frequency,' indicating that 4mC in
genomes might be involved in minimizing spontaneous muta-
genesis and recombination. Thus, the presence of 4mC in the D.
radiodurans genome may contribute to its resistance to stress
conditions. We envision that the 4mC-AMD-seq method will
facilitate the investigation of 4mC functions, including the
4mcC-involved R-M systems, in uncharacterized but potentially
useful strains.

Conclusions

In summary, we characterized that A3A protein was capable of
readily deaminating cytosine and 5mC in DNA to form U and T,
while 4mC could resist the deamination by A3A protein. With
this unique property of A3A protein, we developed the 4mC-

© 2022 The Author(s). Published by the Royal Society of Chemistry
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AMD-seq method for mapping 4mC in DNA at single-base
resolution. The developed 4mC-AMD-seq method also allowed
the quantitative evaluation of the level of 4mC at individual
sites in DNA. With the developed method, we achieved the
genome-wide mapping of 4mC in D. radiodurans. We detected
1586 4mC sites in the genome of D. radiodurans, of which 564
sites were located in the C(4mC)GCGG motif. 4mC sites in D.
radiodurans were mainly enriched in the downstream region of
the genes. Collectively, these results support that the developed
4mC-AMD-seq method can precisely map 4mcC sites at single-
base resolution as well as providing the quantitative level of
4mC at individual sites throughout the whole genomes of living
organisms, which may facilitate uncovering the uncharac-
terized functions of 4mC in the future.
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