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DNA methylation (5-methylcytosine, 5mC) represents the most prevalent modification in mammals, which

is closely linked to disease pathogenesis and cancer development. Single-base resolution sequencing and

quantitative analysis of 5mC are essential for elucidating its biological functions. However, current methods

are still limited by resolution, sequencing bias, and false positives. In this study, we engineered a Naegleria

TET-like protein (NTET), yielding a recombinant engineered NTET (eNTET), to improve both its oxidation

activity and sequence compatibility for 5mC. Combined with pyridine borane reduction, we developed

engineered NTET-assisted pyridine borane sequencing (eNAPS) to quantitatively detect 5mC in DNA at

single-base resolution. In eNAPS, 5mC is oxidized by eNTET to 5-formylcytosine (5fC) and 5-

carboxylcytosine (5caC), which are further reduced to dihydrouracil (DHU) by pyridine borane and read

as thymine (T) in the subsequent sequencing. The direct conversion of 5mC-to-T allows for precise

mapping of 5mC in DNA at single-base resolution. Compared with conventional bisulfite sequencing

(BS-seq), eNAPS exhibits advantages such as non-destruction, enhanced sensitivity, improved accuracy,

and greater efficiency. Using the eNAPS method, we achieved quantitative analysis of 5mC at single-base

resolution in genomic DNA of lung tumor and tumor-adjacent normal tissues. Overall, eNAPS is a mild

and bisulfite-free method with high accuracy, making it a valuable tool for investigating the dynamic

interplay of 5mC in epigenetic regulation and disease pathogenesis.
Introduction

Eukaryotic DNA molecules contain a diverse range of
modications.1–5 DNA methylation (5-methylcytosine, 5mC) is
a canonical epigenetic modication, prevalent in all species of
living organisms.6,7 In mammalian cells, DNA methyl-
transferases (DNMTs) function by catalyzing the addition of
a methyl group of S-adenosylmethionine (SAM) to the h
position of cytosine (C), generating the genetically stable
modication of 5mC.8,9 Despite the stability, 5mC can be
reversibly converted to the unmodied state in several ways.
Notably, ten-eleven translocation (TET) family proteins can
mediate the iterative oxidation of 5mC to 5-hydrox-
ymethylcytosine (5hmC), 5-formylcytosine (5fC) and 5-
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carboxylcytosine (5caC), and 5fC and 5caC can be excised by
thymine DNA glycosylase (TDG) and restored to cytosine via
base excision repair (BER).10–12 Alternatively, 5fC and 5caC can
be directly reverted to cytosine through deformylation or
decarboxylation.13–17 These mechanisms underscore that 5mC
homeostasis is a dynamic and tightly regulated process in living
systems.18

Accumulating evidence has linked aberrant 5mC patterns to
disease pathogenesis and cancer development.19 Consequently,
single-base resolution sequencing of 5mC across the genome is
necessary to elucidate its biological functions.20,21 Several
immunoprecipitation-based methods, such as methylated DNA
immunoprecipitation sequencing (MeDIP-seq) and methyl-CpG
binding domain sequencing (MBD-Seq), were exploited to map
DNA methylation. But these enrichment-based methods suffer
from low resolution and semi-quantitative accuracy.22,23 Bisul-
te sequencing (BS-seq) is considered the gold standard for
single-base resolution proling of 5mC in genomic DNA.24

However, the harsh bisulte conversion conditions result in
substantial DNA degradation, and BS-seq cannot distinguish
between 5mC and 5hmC.25 Moreover, the C-to-U conversion
mechanism reduces sequence complexity, leading to imbalance
in base composition that compromises downstream analysis.26

The growing demands for high resolution and accuracy of
5mC detection have driven the advancement of bisulte-free
Chem. Sci.
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methods.21,27 Apolipoprotein B mRNA-editing enzyme catalytic
subunit 3A (APOBEC3A) and its engineered variants have
emerged as powerful tools for high-resolution sequencing of
DNA cytosine modications.28–31 Enzymatic methylation
sequencing (EM-seq) utilizes the oxidation of 5mC to 5caC by
TET, protecting it from deamination by A3A, thereby enabling
precise 5mC sequencing.32 In addition to A3A, various other
cytosine deaminases have been employed in DNA modication
sequencing, including engineered apolipoprotein B mRNA-
editing catalytic polypeptide-like 3C (eA3C) and double-
stranded cytosine deaminases.33–36 However, these approaches
still suffer from the challenge of indirect detection due to the
conversion of unmodied C to T.37

Direct conversion methods targeting 5mC, such as
methyltransferase-directed labeling combined with A3A deam-
ination (MLAD-seq), direct methylation sequencing (DM-Seq),
and carboxymethylation deamination sequencing (CMD-seq),
utilize engineered methyltransferases for carboxymethylation-
based protection of unmodied cytosine and integrate A3A
deamination, enabling selective 5mC-to-T conversion for 5mC
sequencing.38–40 However, these methods are limited to detect-
ing 5mC in CG contexts due to the specicity of the methyl-
transferases. TET-assisted pyridine borane sequencing (TAPS)
relies on TET enzymes to oxidize 5mC to 5fC and 5caC, which
are then reduced by pyridine borane to dihydrouracil (DHU)
and read as T during sequencing.41 However, mammalian TET
enzymes (TET1, TET2, and TET3) require eukaryotic expression
systems for their production and therefore are costly and
unstable. Furthermore, these enzymes exhibit sequence bias at
non-CG sites,42 resulting in incomplete methylation analysis
and inaccurate quantication. Therefore, developing cost-
effective, stable, and sequence-compatible recombinant TET
enzymes is critical for advancing direct 5mC conversion-based
sequencing technologies.

Here, we engineered the Naegleria TET-like protein (NTET),
yielding a recombinant engineered NTET (eNTET) dioxygenase.
eNTET can be cost-effectively expressed in Escherichia coli, with
robust oxidation activity of 5mC to 5fC and 5caC in DNA across
diverse sequence contexts. Using the properties of eNTET, we
developed an engineered NTET-assisted pyridine borane
sequencing (eNAPS) method for bisulte-free and quantitative
detection of 5mC in DNA at single-base resolution. The eNAPS
method offers a direct method for selectively converting 5mC-
to-T, while unmodied cytosine is retained. By applying
eNAPS, we achieved quantication of 5mC in genomic DNA at
single-base resolution from paired lung tumor and tumor-
adjacent normal tissues, enabling direct comparison of 5mC
dynamics at specic sites.

Experimental methods
Materials and reagents

20-Deoxyguanosine (G), 20-deoxyadenosine (A), 20-deoxycytidine
(C), thymidine (T), 20-deoxynucleoside 50-triphosphates
(including dATP, dCTP, dGTP, and TTP), phosphodiesterase I,
boracic acid, ethylene diamine tetraacetic acid (EDTA), tris(hy-
droxymethyl)aminomethane (Tris), and 2-
Chem. Sci.
morpholinoethanesulphonic acid (MES) were purchased from
Sigma-Aldrich (St. Louis, MO, USA). 5-Methyl-20-deoxycytidine
(5mC), 5-hydroxymethyl-20-deoxycytidine (5hmC), 5-formyl-20-
deoxycytidine (5fC), and 5-carboxyl-20-deoxycytidine (5caC) were
purchased from Berry & Associates (Dexter, MI). Pyridine borane
was purchased from Energy Chemical (Shanghai, China).
Dithiothreitol (DTT) was obtained from Beyotime Biotech-
nology (Wuhan, China). Recombinant T4 b-glucosyltransferase
(b-GT), apurinic/apyrimidinic Endonuclease 1 (APE1), EpiMark
Hot Start Taq polymerase, Taq DNA polymerase, and Q5 High-
Fidelity polymerase were obtained from New England Biolabs
(Ipswich, MA, USA). DNase I, S1 nuclease, and calf intestinal
alkaline phosphatase (CIAP) were obtained from Takara
Biotechnology Co. Ltd (Dalian, China).

Preparation of DNA strands with various modications

The 309-bp double-stranded DNA (dsDNA) substrates (Tables S1
and S2 in the ESI†) were synthesized by PCR amplication
following a previous report.43 For the preparation of DNA-CG,
DNA-CC, DNA-CT, and DNA-CA, 0.5 ng of synthetic DNA
(TsingKe, Beijing, China) was used as the template for PCR
amplication. The reaction was carried out in a 50 mL mixture
containing 1 U of Taq DNA polymerase, 5 mL of 10× reaction
buffer, 4 mL of dNTP mixture (2.5 mM each), and 1 mL each of
forward and reverse primers (10 mM, Table S3 in the ESI†). For
the synthesis of modied DNA strands (DNA-5mCG, DNA-
5mCC, DNA-5mCT, DNA-5mCA, and DNA-5hmC, Table S2 in
the ESI†), modied primers (Table S3 in the ESI†) were utilized
for PCR amplication. All synthesized dsDNA substrates were
separated via 2% agarose gel electrophoresis and puried using
a Gel Extraction Kit (Omega Bio-Tek Inc., Norcross, GA, USA).

Expression and purication of recombinant proteins

The genes encoding mCE7 (mutant colicin E7 DNase), wild-type
NTET (wtNTET), and recombined human thymine DNA glyco-
sylase (TDG, catalytic domain, amino acids 82–308) were
synthesized by TsingKe Biological Technology (Beijing, China)
using E. coli-optimized codons to ensure efficient expression in
E. coli cells. The point mutation and fusion engineering of the
wtNTET (eNTET) gene were achieved through overlapping PCR
and conrmed by Sanger sequencing (TsingKe). The eNTET
gene was subsequently subcloned into a pET-28a-MBP plasmid,
encompassing an N-terminal 6× His and maltose binding
protein (MBP) affinity tag. Similarly, the TDG and wtNTET genes
were cloned into the pET-28a plasmid and the pET-28a-SUMO
plasmid, respectively. The pET-28a-MBP-eNTET, pET-28a-
SUMO-wtNTET, and pET-28a-TDG plasmids were then trans-
formed into BL21 (DE3) E. coli cells. The expression of eNTET,
wtNTET, and TDG was performed similarly to previous
studies.44–47 Briey, the expression of recombinant proteins was
induced by the addition of 0.3 mM isopropyl b-D-1-thio-
galactopyranoside (IPTG) at 16 °C for 20 h under shaking at
200 rpm. For the purication of eNTET, cells were harvested
and resuspended in a lysis buffer containing 50mM Tris-HCl
(pH 8.0) and 150mM NaCl, followed by lysis through sonica-
tion. Aer ultracentrifugation, the supernatant was applied to
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Ni-NTA affinity beads in a gravity-ow column for the selective
enrichment of His-tagged recombinant proteins. The eluent
was then concentrated and further puried by heparin–ion
exchange chromatography (HiTrap Heparin HP column, GE
Healthcare, Chicago, USA) and size-exclusion chromatography
(Superdex G200 Increase10/300 column, GE Healthcare) using
an AKTA pure system (GE Healthcare). The purication proce-
dures for wtNTET and TDG proteins followed previously
described methodologies.48,49 The puried proteins were vali-
dated by SDS-PAGE and stored at −80 °C. The amino acid
sequences of eNTET, wtNTET, and TDG proteins are listed in
Table S4 in the ESI.†

Evaluation of the oxidation activity of eNTET by TDG/APE1
digestion

The enzymatic activity of eNTET was assessed by TDG/APE1
digestion using FAM-labeled dsDNA substrates containing
5mC (FAM-5mC annealing with 5mC-R, Table S5 in the ESI†).
The eNTET (or wtNTET) oxidation and TDG cleavage reaction of
FAM-5mC were combined and performed in a 20 mL solution
containing 50 mM MES (pH 6.9), 150 mM NaCl, 10 mM a-KG,
200 mM (NH4)2FeSO4, 20 mM ascorbic acid, 1 mM DTT, 5 mM
eNTET (or wtNTET), 500 nM TDG, 1U of APE1, and 2 pmol of
FAM-labeled ds-DNA duplex. The reaction mixture was incu-
bated at 34 °C for 12 h, followed by digestion with 2 mL of
proteinase K at 55 °C for 30 min and 95 °C for 5 min. The
sample was then mixed with an equal volume of deionized
formamide, denatured at 95 °C for 10 min, and immediately
cooled on an ice-water bath. The mixture was then analyzed by
20% denaturing polyacrylamide gel electrophoresis (PAGE) and
visualized using a Tanon 4600SF gel imaging system (Shanghai,
China).

Evaluation of the oxidation activity of eNTET by liquid
chromatography-mass spectrometry (LC-MS/MS) analysis

Four dsDNA containing 5mC sites at CG, CC, CT, and CA
sequence contexts (DNA-5mCG, DNA-5mCC, DNA-5mCT, and
DNA-5mCA, Table S2 in the ESI†) were used as substrates. The
reaction was carried out in a 20 mL solution containing 100 nM
dsDNA, 5 mMeNTET (or wtNTET), 50mMMES (pH 6.9), 150 mM
NaCl, 10 mM a-KG, 200 mM (NH4)2FeSO4, 20 mM ascorbic acid,
and 1mMDTT at 34 °C for 12 h. The reaction was terminated by
proteinase K treatment. The resulting DNA was then enzymat-
ically digested to nucleosides and analyzed by LC-MS/MS
according to the established procedures.50,51 Details are
described in the ESI.†

Evaluation of the characteristics of eNAPS by sequencing

Five 309 bp dsDNA containing 5mC or 5hmC (DNA-5mCG, DNA-
5mCC, DNA-5mCT, DNA-5mCA, and DNA-5hmC, Table S2 in
the ESI†) were used as templates to evaluate the properties of
eNAPS. The DNA template was rst oxidized by eNTET as
described previously. The products were then reduced in a 50 ml
reaction solution containing 600mM sodium acetate (pH 4.3)
and 1M pyridine borane for 16 h at 37 °C. The resulting DNA
was puried using 1× KAPA Pure Beads (Roche). 5 ng of puried
© 2025 The Author(s). Published by the Royal Society of Chemistry
DNA was used as the template for extension and PCR ampli-
cation. The extension reaction was performed in a solution
containing 1 U of Taq DNA polymerase, 5 mL of 10× reaction
buffer, 0.2 mM dNTPs, and 0.4 mM primer (Table S3 in the ESI†)
at 60 °C for 30 min. The resulting DNA was puried with 1×
KAPA Pure Beads. PCR amplication was performed with the
puried DNA, 1 U of Q5 High-Fidelity DNA Polymerase, 5 mL of
10× reaction buffer, 0.2 mMdNTPs, 0.4 mM forward primer, and
0.4 mM reverse primer. The PCR was carried out under the
following gradient: 95 °C for 5 min, 30 cycles of 95 °C for 30 s, 68
°C for 1 min, 72 °C for 1 min, and 72 °C for 10 min. The PCR
products were then subjected to Sanger sequencing or colony
sequencing (TsingKe). Colony sequencing was performed
according to previous procedures,35 involving random selection
and sequencing of 50 positive colonies from each sample.

Quantication of 5mC in synthetic DNA

The 309 bp DNA template containing different sequence
contexts (DNA-CG, DNA-CC, DNA-CT, and DNA-CA, Table S1 in
the ESI†) was mixed with the corresponding 5mC-containing
DNA (DNA-5mCG, DNA-5mCC, DNA-5mCT, and DNA-5mCA)
at varying ratios (0%, 33%, 50%, 66%, and 100%). The
mixture was rst oxidized with eNTET, followed by pyridine
borane reduction as previously described. The reduced DNA was
amplied by PCR and analyzed by Sanger sequencing. The peak
heights of C and T at CN sites (CG, CC, CT, and CA) were used to
calculate the 5mC levels, enabling evaluation of the sensitivity
and accuracy of eNAPS.

Quantication of 5mC in specic sites of lung tissue DNA
using eNAPS

The human non-small cell lung carcinoma (NSCLC) tissue and
the matched tumor-adjacent normal tissue without preopera-
tive target therapy/chemotherapy were obtained from the
Zhongnan Hospital of Wuhan University. The study was
approved by the Ethics Committee ofWuhan University and was
conducted following the principles of the Declaration of Hel-
sinki. All experiments were conducted in strict compliance with
the guidelines and regulations set by the Ethics Committee of
Wuhan University. Genomic DNA was extracted using a Tissue
DNA Kit (Omega Bio-Tek Inc., Norcross, GA). The concentration
of the puried genomic DNA was determined on a B-500 spec-
trophotometer (Metash Instruments Co., Ltd, Shanghai, China).

The isolated DNA was fragmented to an average size of 300–
500 bp under optimized conditions using an ultrasonic
homogenizer (Scientz). The fragmented DNA was then analyzed
by eNAPS. Briey, 10 ng of fragmented DNA was incubated with
5 mMeNTET in a 20 mL solution of 50mMMES (pH 6.9), 150mM
NaCl, 10 mM a-KG, 200 mM (NH4)2FeSO4, 20 mM ascorbic acid,
and 1mMDTT for 12 h at 34 °C. The products were then reacted
in a 50 mL solution containing 600mM sodium acetate (pH 4.3)
and 1M pyridine borane for 16 h at 37 °C. The resulting DNA
was puried using 1× KAPA Pure Beads, and the puried DNA
was used for extension and PCR amplication. The extension
reaction was performed in a solution consisting of 1 U of Taq
DNA polymerase, 5 mL of 10× reaction buffer, 0.2 mM dNTPs,
Chem. Sci.
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and 0.4 mM extension primer (Table S6 in the ESI†) for 30 min at
60 °C. The resulting product was puried using 1× KAPA Pure
Beads. PCR amplication was carried out in a 50 mL solution
containing puried DNA, 1 U of Q5 High-Fidelity DNA Poly-
merase, 5 mL of 10× reaction buffer, 0.2 mM dNTPs, 0.4 mM
forward primer, and 0.4 mM reverse primer. The sequences of
the primers targeting the gene body of the tumor driver gene
epidermal growth factor receptor (EGFR) are listed in Table S6 in
the ESI.† PCR products were subjected to Sanger sequencing for
locus-specic 5mC quantication. As for BS-seq, 400 ng of the
fragmented DNA was processed using a Hieff DNA Bisulte
Conversion Kit (Yeasen, Shanghai, China). The sequences of the
primers targeting the gene body of the EGFR for BS-seq are lis-
ted in Table S7 in the ESI.†
Fig. 1 Principle of eNAPS. (A) The commonly used murine-derived TET p
in E. coli. (B) Engineering active site and substrate binding ability of NTET
oxidizes 5mC to form 5fC and 5caC, which are reduced by pyridine bor
Schematic illustration of eNAPS. In the eNAPS workflow, 5hmC is first gl
remains intact and is sequenced as C, whereas 5mC is selectively oxidiz
borane, which is read as T in sequencing. (E) Readouts of C, 5mC, and 5

Chem. Sci.
Results and discussion
Principle of the engineered NTET-assisted pyridine borane
sequencing (eNAPS)

TET proteins act as dioxygenases of 5mC and have the capacity
to specically oxidize 5mC sequentially to 5hmC, 5fC, and
5caC.32,41,48 Previous study have shown that mammalian TETs,
including murine TET1, TET2, and TET3, exhibit a discernible
sequence preference and exhibit constrained catalytic efficiency
in oxidizing methylation at non-CG context sites, which affects
the accuracy of methylation sequencing at non-CG sites.42

Additionally, these TETs possess a substantial molecular weight
(typically exceeding 200 kDa), which frequently necessitates the
presence of a chaperone or post-translational modications to
rotein cannot be expressed in E. coli, whereas eNTET can be expressed
enzymes to enhance the oxidation capacity of 5mC in DNA. (C) eNTET
ane to form DHU, while glycosylated 5hmC (5gmC) is unaffected. (D)
ycosylated to generate 5gmC, which is resistant to eNTET oxidation. C
ed to 5fC and 5caC by eNTET and then reduced to DHU by pyridine
hmC in BS-seq and eNAPS.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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facilitate assisted folding and form a stable and active state.
Therefore, these proteins are mainly expressed in eukaryotic
cells, such as insects, and are difficult to express in prokaryotes
such as E. coli (Fig. 1A), which invariably increases the cost of
oxidizing enzymes in 5mC sequencing.32,41,52 The protozoan-
derived NTET protein has better sequence compatibility for
5mC and a smaller molecular weight (36 kDa) and can be
expressed exogenously in prokaryotic hosts such as E. coli,
making it a potential enzyme for 5mC sequencing (Fig. 1A).53,54

However, it was shown that wtNTET only converts about 80% of
5mC to 5fC and 5caC, which seriously limits its application for
DNA methylation sequencing methods.48,53,54
Fig. 2 Evaluation of the oxidation activity of eNTET in dsDNA. (A) Structur
expression of eNTET. (C) The analysis of purified eNTET by SDS-PAGE. (D
of the oxidation of 5mC by eNTET. (F) Workflow of the oxidation activit
activities of eNTET toward 5hmC and 5gmC. (H) Extracted-ion chromato
MS analysis. (I) The percents of the oxidation products generated by eN

© 2025 The Author(s). Published by the Royal Society of Chemistry
In this study, we began with the engineering transformation
of NTET through expanding the active site and enhancing the
binding ability of DNA (Fig. 1B) and proposed an engineered
NTET-assisted pyridine borane sequencing (eNAPS) method for
the quantitative detection of site-specic 5mC at single-base
resolution. In eNAPS, eNTET specically and efficiently
oxidizes 5mC to 5fC and 5caC and then converts it into DHU by
pyridine borane, read as T in subsequent sequencing, while
glycosylated 5hmC and C are not affected, they are interpreted
as C in sequencing (Fig. 1C). Thus, only the original 5mC in
DNA is converted to DHU and read as T (Fig. 1D). Differing from
traditional deamination sequencing methods such as BS-seq,
e of NTET bound with 5hmC-DNA (PDB:5CG8). (B) The plasmid for the
) Workflow of the activity assay of the eNTET protein. (E) PAGE analysis
y assays of eNTET toward 5hmC and 5gmC. (G) PAGE analysis of the
grams of 5mC, 5hmC, 5fC, and 5caC after eNTET treatment by LC-MS/
TET or wtNTET.

Chem. Sci.
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eNAPS is a nondestructive method and directly alters the
readout of 5mC without affecting the original cytosines in DNA
(Fig. 1E).
Fig. 4 Evaluating the characteristics of eNAPS by colony sequencing.
(A) Schematic illustration of eNAPS by colony sequencing. (B) The
readouts of C and 5mC sites by eNAPS through colony sequencing.
Characterization of the oxidation properties of eNTET

To cost-effectively produce TET enzymes with enhanced
stability and broader sequence compatibility, we expressed and
engineered NTET by targeted mutation (Fig. 2A). Previous study
hypothesized the existence of a strictly conserved residue that
may function as a gatekeeper to regulate 5mC oxidation.55

Moreover, the fusion expression of mCE7 has been shown to
improve the binding ability of the DNA substrate.56 Here, we
proposed an engineered NTET (eNTET) that mutates leucine
(Leu) to alanine (Ala) at position 240 to expand the active space
and fused mCE7 at the N-terminus of eNTET to enhance the
binding ability of DNA (Fig. 2A–C). eNTET was expressed in E.
coli. and puried for the development of the eNAPS method
(Fig. 2C and S1 in the ESI†).

To assess the oxidation activity of eNTET, a 44 bp FAM-
labeled dsDNA with a 5mC site (FAM-5mC, Table S5 in the
ESI†) was utilized as the substrate and treated with eNTET. The
oxidation products, 5fC and 5caC, could be recognized and
excised by TDG to form an abasic (AP) site (Fig. S2 in the ESI†),
which was subsequently excised by APE1 to produce truncated
products (Fig. 2D). The results showed that 5mC was efficiently
oxidized and cleaved aer incubation with eNTET and TDG/
APE1 (Fig. 2E), while wtNTET partially oxidized 5mC to 5fC
and 5caC (Fig. S3 and S4 in the ESI†). Furthermore, eNTET also
efficiently oxidized 5hmC but not glycosylated 5hmC (Fig. 2F
and G).

Next, we further evaluated the oxidative activity and products
of eNTET using LC-MS/MS. Four dsDNA strands with different
5mC contexts (CG, CC, CT, and CA sequence contexts, Table S2
in the ESI†) were utilized as the substrates. The results showed
that eNTET possessed robust oxidation activity, with the 5mC
substrate eliminated and both 5fC and 5caC produced aer
Fig. 3 Development of eNAPS. (A) Schematic illustration of the readout o
sequence contexts by eNAPS. (C) Schematic illustration of the readout of
eNAPS.

Chem. Sci.
eNTET treatment (Fig. 2H), while the oxidation products of
wtNTET retained a signicant fraction of 5hmC (Fig. S5 in the
ESI†). Quantitative analysis of the oxidation products indicated
that 5mC was completely oxidized aer eNTET treatment,
yielding a 10% proportion of 5fC and 90% proportion of 5caC,
while 97% of 5mC was oxidized aer wtNTET treatment, with
the products of 5hmC, 5fC and 5caC accounting for 17%, 73%,
and 7%, respectively (Fig. 2I). Overall, we successfully con-
structed and expressed a recombined dioxygenase eNTET with
excellent oxidation activity and sequence compatibility for 5mC
to generate its two products, 5fC and 5caC, which were reported
to be readily reduced by pyridine borane.
Development of eNAPS

Aer obtaining the eNTET protein, we proceeded to develop the
eNAPS method for the sequencing and quantication of 5mC at
single-base resolution (Fig. 3A). In eNAPS, 5mC is oxidized to
5fC and 5caC by eNTET treatment, and the following pyridine
borane reduction induces 5fC-to-DHU and 5caC-to-DHU
conversions, therefore enabling the differentiation of 5mC
and C. We rst evaluated the eNAPS method using a 309 bp
f 5mC in eNAPS. (B) Sanger sequencing results of 5mC sites in different
5hmC in eNAPS. (D) Sanger sequencing results of C and 5hmC sites by

© 2025 The Author(s). Published by the Royal Society of Chemistry
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dsDNA substrate containing a 5mC site (DNA-5mCG) by
sequencing. The results demonstrated that 5mC in the CG
context was read as T aer eNTET and pyridine borane treat-
ment, while unmodied C was still read as C in sequencing
(Fig. 3B). Considering the sequence compatibility of eNTET, we
hypothesized that eNAPS could also detect 5mC in non-CG
contexts. Three 5mC-containing dsDNA substrates with
Fig. 5 Quantitative assessment of the 5mC levels in different sequence c
eNAPS at different ratios of DNA-CG and DNA-5mCG. (B) Sanger sequenc
DNA-5mCC. (C) Sanger sequencing of 5mC at CT contexts by eNAPS at
5mC at CA contexts by eNAPS at different ratios of DNA-CA and DNA-
sequencing were drawn for the theoretical ratios of DNA-5mCN/DNA-C
5mC quantification.

© 2025 The Author(s). Published by the Royal Society of Chemistry
5mCC, 5mCT, and 5mCA contexts were used as substrates for
eNAPS (Table S2 in the ESI†). The results showed that eNAPS
could convert all these 5mC sites to T (Fig. 3B). To eliminate the
interference of 5hmC, we utilized b-GT to selectively glycosylate
5hmC to form b-glucosyl-5-hydroxymethyl-cytosine (5gmC),
which is resistant to eNTET oxidation (Fig. 3C). The sequencing
results showed that 5hmC was read as T by eNAPS without b-GT
ontexts using eNAPS. (A) Sanger sequencing of 5mC at CG contexts by
ing of 5mC at CC contexts by eNAPS at different ratios of DNA-CC and
different ratios of DNA-CT and DNA-5mCT. (D) Sanger sequencing of
5mCA. (E) Ratios of T/(T + C) in the original 5mC sites obtained from
N + DNA-5mCN, N = G, C, T and (A) to generate calibration curves for

Chem. Sci.
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treatment (Fig. S6 in the ESI†), but 5hmC was read as C aer
glycosylation protection prior to eNAPS (Fig. 3D). Collectively,
these results demonstrated that eNAPS enables the detection of
5mC at single-base resolution by directly converting 5mC sites.

We next quantitatively assessed the readouts of C and 5mC
in eNAPS by colony sequencing (Fig. 4A). The results indicated
that all 50 clones of the 5mC sites were read as T in eNAPS, while
all the C sites were not affected and still read as C (Fig. 4B and
S7 in the ESI†). In conclusion, these results highlight that the
eNAPS approach enables the highly efficient 5mC-to-T conver-
sion without impacting the normal cytosines in DNA.

Quantitative performance of eNAPS in mapping 5mC

We subsequently examined the quantitative capability of eNAPS
for the 5mC site. DNA substrates with C or 5mC in different CN
contexts (N = G, C, T, and A) were mixed at various ratios, with
the 5mC proportions being 0%, 33%, 50%, 66%, and 100%. The
Fig. 6 Quantitative assessment of 5mC levels at specific sites from huma
(A) Schematic illustration of the detection of 5mC in the gene body reg
Sanger sequencing profiles comparing 5mC levels at chr7: 55109538
sequencing profiles comparing 5mC levels at chr7: 55109595 within the

Chem. Sci.
mixtures were subjected to eNAPS analysis, and the height
ratios of T/(T + C) by Sanger sequencing were calculated. The
results demonstrated that as the proportion of 5mC-containing
DNA increased, the proportion of T increased, while the signal
of the surrounding original C remained unchanged (Fig. 5A–D).
Quantitative analysis revealed that the percentage of T/(T + C)
exhibited a linear increase corresponding to the increase of
5mC at CG, CC, CT, and CA contexts, with R2 > 0.99 (Fig. 5E).
The results demonstrated that the eNAPS approach could
effectively quantify 5mC stoichiometry at single-base resolution
in both CG and non-CG contexts.

Determination of 5mC in genomic DNA by eNAPS

DNA methylation is an important regulatory mechanism
controlling gene expression, and aberrant methylation at
specic loci is closely associated with disease or
tumorigenesis.57–61 For instance, the overexpression of the
n lung cancer tissue and adjacent normal tissue by eNAPS and BS-seq.
ions of the EGFR gene of human lung tissues by eNAPS or BS-seq. (B)
within the EGFR gene body using eNAPS and BS-seq. (C) Sanger
EGFR gene body using eNAPS and BS-seq.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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epidermal growth factor receptor (EGFR) has been shown to
activate downstream signaling pathways, thereby facilitating
tumor growth, invasion, and metastasis.62 Elevated expression
of the EGFR has been observed in various cancer types, with
lung cancer being particularly prevalent.63 Using the developed
eNAPS method, we quantied 5mC levels in two specic sites
within the gene body region of the EGFR in lung tumor and
tumor-adjacent normal tissues (Fig. 6A and Table S8 in the
ESI†).

The results demonstrated that the two specic 5mC sites
(chr7: 55109538 and chr7: 55109595) within the EGFR were read
exclusively as T in the tumor tissue and partially converted to T
in the adjacent normal tissue (Fig. 6B and C). The quantitative
results showed that the 5mC levels at positions chr7: 55109538
and chr7: 55109595 were 96.5% and 100%, respectively, in
tumor-adjacent normal tissue. The 5mC levels decreased by
∼50% on the two sites in tumor tissue, with methylation levels
at positions chr7: 55109538 and chr7: 55109595 being 54.5%
and 46.4%, respectively. To validate the accuracy of the quan-
titative results by eNAPS, we also performed BS-seq for the two
specic sites (Table S7 in the ESI†). These results indicated that
the quantitative results by eNAPS closely corresponded to those
by BS-seq (Fig. 6B and C). In summary, these results demon-
strated that the eNAPS approach is effective in the quantica-
tion of 5mC in genomic DNA at single-base resolution.

eNAPS offers several advantages over previous methods for
quantitative detection of 5mC. First, compared to affinity
enrichment sequencing, eNAPS enables single-base resolution
sequencing and precise quantication of 5mC. Second, eNAPS
employs mild conditions, as opposed to the traditional gold
standard BS-seq method. Third, in contrast to deaminase-
mediated sequencing methods, eNAPS directly induces 5mC-
to-T conversion, rather than to the bulk unmodied C,
thereby reducing background interference and false positives
that may result from incomplete deamination. Fourth, previous
direct sequencing methods, such as MLAD-seq, DM-seq, and
CMD-seq, are limited to sequencing 5mC in CG contexts,
whereas eNTET exhibits almost no sequence preference,
enabling the detection of 5mC in non-CG contexts. Finally,
compared with TAPS, eNAPS has the advantages of lower cost,
more stability, and the ability to fully convert 5mC in CG and
non-CG contexts, making it a more promising direct conversion
sequencingmethod for DNAmethylation. It is worth noting that
a recent study reported a photoactivatable nano-demethylase
for the selective oxidation of 5mC to 5fC.64 This presents an
alternative chemical oxidation method for converting 5mC to
5fC, which could potentially be combined with pyridine borane
in 5mC sequencing.

Conclusions

We developed a method termed eNAPS for bisulte-free and
single-base resolution quantication of 5mC in DNA. Speci-
cally, we designed and constructed an engineered NTET that
demonstrated superior sequence compatibility, cost-
effectiveness, and enhanced activity for 5mC oxidation. eNAPS
facilitates the direct conversion of 5mC-to-T and precise
© 2025 The Author(s). Published by the Royal Society of Chemistry
quantication of 5mC in genomic DNA by integrating eNTET
oxidation with pyridine borane reduction, where C and 5mC are
interpreted as C and T, respectively. In contrast to the conven-
tional BS-seq method, eNAPS avoids base composition imbal-
ance and harsh reaction conditions, minimizing false positives
and mapping issues. Furthermore, 5hmC could be glycosylated
by b-GT prior to eNTET treatment, allowing the efficient
differentiation between 5mC and 5hmC in eNAPS. The eNAPS
method was successfully applied to quantify 5mC at two specic
sites within the EGFR gene body in lung tumor and tumor-
adjacent normal tissues. The results revealed that the 5mC
levels at these two sites were signicantly decreased in tumor
tissues. In conclusion, eNAPS represents a bisulte-free, accu-
rate, and cost-effective approach for DNA methylation
sequencing at single-base resolution in both CG and non-CG
contexts, making it a valuable tool for investigating the
dynamic interplay of 5mC in epigenetic regulation and disease
pathogenesis.
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