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Cytosine modifications, particularly 5-methylcytosine (5mC) and 5-hydroxymethylcytosine (5hmC), play
crucial roles in numerous biological processes. Current analytical methods are often constrained to the
separate detection of either 5mC or 5hmC, or the combination of both modifications. The ability to
simultaneously detect C, 5mC, and 5hmC at the same genomic locations with precise stoichiometry is
highly desirable. Herein, we introduce a method termed engineered deaminase-assisted sequencing
(EDA-seq) for the simultaneous quantification of C, 5mC, and 5hmC at the same genomic sites. EDA-seq
utilizes a specially engineered protein, derived from human APOBEC3A (A3A), known as eA3A-M5. eA3A-
M5 exhibits distinct deamination capabilities for C, 5mC, and 5hmC. In EDA-seq, C undergoes complete
deamination and is sequenced as T. 5mC is partially deaminated resulting in a mixed readout of T and C,
and 5hmC remains undeaminated and is read as C. Consequently, the proportion of T readouts (Pr)
reflects the collective occurrences of C and 5mC, regulated by the deamination rate of 5mC (Rsmc). By
determining Rsyc and Pt values, we can deduce the precise levels of C, 5mC, and 5hmC at particular

genomic locations. We successfully used EDA-seq to simultaneously measure C, 5mC, and 5hmC at
Received 7th February 2024

Accepted 17th May 2024 specific loci within human lung cancer tissue and their normal counterpart. The results from EDA-seq

demonstrated a strong concordance with those obtained from the combined application of BS-seq and
DOI: 10.1039/d4sc00930d ACE-seq methods. EDA-seq eliminates the need for bisulfite treatment, DNA oxidation or glycosylation

rsc.li/chemical-science and uniquely enables simultaneous quantification of C, 5mC and 5hmC at the same genomic locations.

and tumorigenesis.> Discovered in 2009, 5-hydrox-
ymethylcytosine (5ShmC) has garnered significant attention and
is now considered the sixth base of mammalian genomes.*” In

Introduction

Apart from the canonical nucleobases, DNA molecules also

contain various modifications.! 5-Methylcytosine (5mC) is the
most common DNA modification in mammals and is often
referred to as the fifth base due to its important roles in various
biological processes such as gene expression, embryogenesis,

“Department of Occupational and Environmental Health, School of Public Health,
Department of Radiation and Medical Oncology, Zhongnan Hospital of Wuhan
University, Wuhan University, Wuhan 430071, China. E-mail: bfyuan@whu.edu.cn
*Research Center of Public Health, Renmin Hospital of Wuhan University, Wuhan
University, Wuhan 430060, China

‘Cancer Precision Diagnosis and Treatment and Translational Medicine Hubei
Engineering Research Center, Zhongnan Hospital of Wuhan University, Wuhan
Research Center for Infectious Diseases and Cancer, Chinese Academy of Medical
Sciences, Wuhan 430071, China

“College of Chemistry and Molecular Sciences, Wuhan University, Wuhan 430072,
China

College of Chemical Engineering and Environmental Chemistry, Weifang University,
Weifang, 261061, China

T Electronic supplementary information (ESI) available: Preparation of 5mC
spike-in DNA; Tables S1-S5; Fig. S1-S16. See DOI:
https://doi.org/10.1039/d4s5c00930d

i These authors contributed equally to this work.

© 2024 The Author(s). Published by the Royal Society of Chemistry

mammalian cells, the ten-eleven translocation (TET) family
proteins sequentially oxidize 5mC to generate 5hmC, 5-for-
mylcytosine (5fC), and 5-carboxylcytosine (5caC).®® 5fC and
5caC can be converted back to unmodified cytosines through
the base excision repair pathway or through direct deformyla-
tion or decarboxylation.'*** Despite being the two most preva-
lent DNA modifications, the biological functions of 5mC and
5hmC in DNA often have opposing effects, and abnormal DNA
methylation or hydroxymethylation is closely linked to various
diseases."*™"”

The quantitative and locus-specific analysis of DNA modifi-
cations is essential for understanding their dynamic changes
and biological significance.'®* Bisulfite sequencing (BS-seq) is
the frequently employed method for detecting 5mC.>> However,
it cannot distinguish between 5mC and 5hmC, providing mixed
signals of both modifications due to their similar behavior
during bisulfite treatment.>” To address this limitation, oxida-
tive bisulfite sequencing (oxBS-seq) and TET-assisted bisulfite
sequencing (TAB-seq) have been developed.**** Comparing BS-
seq with oxBS-seq or TAB-seq can distinguish the sites of 5mC

Chem. Sci., 2024, 15, 10073-10083 | 10073


http://crossmark.crossref.org/dialog/?doi=10.1039/d4sc00930d&domain=pdf&date_stamp=2024-06-28
http://orcid.org/0000-0003-1107-5385
http://orcid.org/0000-0001-5223-4659
https://doi.org/10.1039/d4sc00930d
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4sc00930d
https://pubs.rsc.org/en/journals/journal/SC
https://pubs.rsc.org/en/journals/journal/SC?issueid=SC015026

Open Access Article. Published on 20 May 2024. Downloaded on 3/11/2026 5:24:55 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Chemical Science

and 5hmC. However, the harsh conditions of bisulfite treatment
can cause significant degradation of up to 99% of input DNA.>®
Single-molecule, real-time (SMRT) and nanopore sequencing
technologies are also capable of detecting DNA modifica-
tions.***” However, these methods may have a relatively high
false-positive rate for mapping modified nucleobases.?®

The APOBEC3A (apolipoprotein B mRNA-editing catalytic
polypeptide-like 3A, or referred to as wtA3A) protein has been
recently characterized to possess efficient deamination activity
towards C, 5mC, and 5hmC, but lacks deamination activity
towards glycosylated 5hmC (B-glucosyl-5-hydroxymethyl-2'-
deoxycytidine, 5gmC).?*=*"* Leveraging this property of wtA3A,
both our team and others developed A3A-mediated deamina-
tion sequencing (AMD-seq) and A3A-coupled epigenetic
sequencing (ACE-seq) for the detection of 5hmC in DNA.***
Additionally, a method termed enzymatic methyl-seq (EM-seq)
has been introduced for detecting the combination of 5mC
and 5hmC.*®* A comparison between EM-seq and ACE-seq also
yields information regarding 5mC and 5hmcC.*® Furthermore,
pyridine borane-mediated sequencing methods enable the
detection of different cytosine modifications.** Comparing TET-
assisted pyridine borane sequencing (TAPS) with B-glucosyl-
transferase blocking TET-assisted pyridine borane sequencing
(TAPSB) also allows for the detection of 5mC and 5hmC.**?*

Until now, most individual analytical methods have been
limited to detecting either 5mC or 5hmC, or a combination of
both modifications.'®** Comparing two individual methods for
the detection of 5mC and 5hmC can lead to more false positives
or negatives and is also inefficient, time-consuming, and
complex. Importantly, a method for obtaining the stoichio-
metric proportions of C, 5mC, and 5hmC at specific genomic
loci is still lacking. Therefore, there is a need for an individual
analytical method that allows for the simultaneous detection
and quantification of C, 5mC, and 5hmC at the same genomic
site. In the current study, we engineered the wtA3A protein and
identified a particular engineered A3A mutant known as eA3A-
M5. This mutant has the ability to efficiently deaminate C and
partially deaminate 5mC, but does not exhibit deamination
activity towards 5hmC in various DNA sequence contexts.
Leveraging the characteristics of eA3A-M5, we proposed a new
sequencing technique called engineered deaminase-assisted
sequencing (EDA-seq). This method enables the simultaneous
detection of C, 5mC, and 5hmC with stoichiometry at the same
location.

Experimental methods

Materials and reagents

2'-Deoxynucleoside 5'-triphosphates (dATP, dCTP, dGTP, and
TTP) were purchased from Sigma-Aldrich (St. Louis, MO, USA).
5-Hydroxymethyl-2'-deoxycytidine-5'-triphosphate  (5hmdCTP)
and 5-methyl-2’-deoxycytidine-5'-triphosphate (5mdCTP) were
obtained from TriLink BioTechnologies (San Diego, CA, USA).
Q5 High-Fidelity DNA polymerase and EpiMark Hot Start Taq
DNA polymerase were purchased from New England Biolabs
(Ipswich, MA, USA). The human non-small cell lung cancer
tissue and the adjacent normal lung tissue were collected from
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the Zhongnan Hospital of Wuhan University (Wuhan, China).
All experiments were conducted in compliance with the guide-
lines and regulations of the Ethics Committee of Wuhan
University.

Preparation of DNA with different cytosine modifications

We synthesized a series of double-stranded DNA (dsDNA)
substrates that carry different cytosine modifications, with the
detailed sequences provided in Tables S1 and S2.f The
synthesis of DNA-C1, DNA-5mC1, and DNA-5hmC1 followed the
protocols outlined in our previous report.*” For the preparation
of DNA-C2, 0.5 ng of synthetic DNA from Takara was used as
a template for PCR amplification. The PCR was performed in
a 50 pL mixture containing 1 unit of Q5 High-Fidelity DNA
polymerase, 4 uL of 2.5 mM dNTPs, 5 uL of 10x reaction buffer,
2 pL of 10 pM forward primer, and 2 pL of 10 uM reverse primer
(Table S37). For DNA-5mC2 and DNA-5hmC2, we conducted
PCR amplification with dCTP substituted by 5mdCTP or
5hmdCTP, respectively. The PCR consisted of 95 °C for 5 min,
30 cycles of 95 °C for 1 min, 56 °C for 1 min, and 68 °C for 1 min,
followed by an elongation at 68 °C for 10 min. For DNA-5mC2
and DNA-5hmC2, all cytosines were replaced with 5mC or
5hmC, respectively, excluding the cytosines in the PCR primers.
For DNA-C/5mC, 0.5 ng of synthetic DNA from Takara was used
as a template for PCR amplification. PCR was conducted in a 50
uL solution containing 1 unit of Q5 High-Fidelity DNA poly-
merase, 4 puL of 2.5 mM dNTPs, 5 pL of 10x reaction buffer, 2 uL
of 10 uM forward primer, and 2 pL of 10 pM reverse primer
(Table S37). The PCR consisted of 95 °C for 5 min, 30 cycles of 95
°C for 1 min, 61 °C for 1 min, and 68 °C for 1 min, followed by
an elongation at 68 °C for 10 min. We then separated the PCR
products using agarose gel electrophoresis and extracted them
with a gel extraction kit (Omega Bio-Tek Inc., Norcross, GA,
USA). The method for preparing spike-in DNA is described in
the ESLY

Expression and purification of wild-type A3A and engineered
A3A mutants

To produce wild-type A3A (WtA3A, Gene ID: 200315) and its
engineered mutants, we cloned the coding sequences for wtA3A
and the engineered A3A (eA3A) mutants into the pET-41a(+)
vector using the Spel and Xhol restriction sites. We also incor-
porated a human rhinovirus 3C protease (HRV 3C) cleavage site
between the glutathione S-transferase (GST) tag and the wtA3A
or eA3A sequences (Fig. S11). These plasmids were then trans-
formed into Escherichia coli (E. coli) BL21(DE3) pLysS cells. The
transformed E. coli cells were cultured in LB medium, which
included 10 g L™ tryptone, 5 g L ™! yeast extract, and 10 g L™ *
NaCl, and the growth medium was supplemented with 10 pg
mL~" kanamycin and 10 pg mL~' chloramphenicol. The
cultures were maintained at 37 °C with shaking at 180 rpm.
Protein expression was induced by adding 0.5 mM isopropyl-p-
p-thiogalactoside (IPTG from Sangon) when the optical density
at 600 nm (ODggonm) reached between 0.4 and 0.6. The expres-
sion of recombinant proteins was carried out for 20 h at 25 °C
with shaking at 180 rpm. Following expression, the E. coli cells

© 2024 The Author(s). Published by the Royal Society of Chemistry
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were harvested by centrifugation at 10 000g for 5 min. The cell
pellets were then lysed through sonication in a PBS buffer that
included 1 mM dithiothreitol and 50 pg mL~" phenyl-
methylsulfonyl fluoride (PMSF). The lysate was centrifuged at
12 000g for 30 min, and the supernatant was filtered through
a 0.22 pm filter. The filtered supernatant was incubated with
Glutathione Sepharose 4B beads (Sangon, Shanghai, China) as
per the manufacturer’s instructions, allowing the recombinant
proteins to bind to the beads. After binding, the proteins were
treated with HRV 3C protease (Sangon, Shanghai, China) to
release the wtA3A or eA3A mutants from the GST tag. Subse-
quent purification was performed using a size-exclusion chro-
matography column (Millipore, Darmstadt, Germany) pre-
equilibrated with a buffer containing 50 mM Tris-HCl (pH
7.5), 50 mM NacCl, 0.01 mM EDTA, 0.5 mM dithiothreitol, and
0.01% Tween-20. The purified proteins were subjected to SDS-
PAGE analysis (Fig. S21). Protein concentrations were deter-
mined using a BCA protein assay kit (Beyotime, Shanghai,
China).

Deamination assay

The deamination assay was conducted with a slight modifica-
tion based on a previous report.*® Briefly, 50 ng of the double-
stranded (dsDNA) substrate was denatured to single-stranded
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Fig. 1 Principle of EDA-seq. (A) C can be deaminated by eA3A-M5 to
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(ssDNA) by heating at 95 °C for 10 min and then chilling at
0 °C for 5 min in a 10 pL solution containing 20% dime-
thylsulfoxide (DMSO) (v/v). The denatured DNA was then treated
with 20 uM of wtA3A or eA3A mutant. The deamination reaction
was carried out at 37 °C for 2 h in a 20 puL solution of 20 mM
MES (pH 6.5). The deamination reaction was terminated by
heating at 95 °C for 10 min.

Evaluation of the deamination activities of eA3A mutants by
sequencing

The deamination activities of wtA3A and eA3A mutants towards
C, 5mC, and 5hmC were assessed using three dsDNA substrates,
DNA-C1, DNA-5mC1, and DNA-5hmC1 (Table S1f). These
substrates were denatured and subjected to deamination as per
the aforementioned procedure. Subsequently, the deaminase-
treated DNA was amplified and subjected to Sanger
sequencing. The PCR amplification was carried out in a 50 uL
reaction mixture containing 5 ng of the deaminase-treated DNA,
1 unit of EpiMark Hot Start Taq DNA Polymerase, 0.2 mM of
each dNTP, 10 uL of 5x reaction buffer, 0.4 uM of the forward
primer, and 0.4 uM of the reverse primer (Table S47). The PCR
includes initial denaturation at 95 °C for 5 min, followed by 30
cycles of 95 °C for 30 s, 55 °C for 30 s, and 68 °C for 1 min, with
a final extension at 68 °C for 10 min.

® h
1h
Deamination
Analyzed DNA Sequenced Sequenced
& P
s B
C T Ppy (o T P,
5mC
PSmC
5mC Cc T Rsme c T Rsme2
Spike in DNA

Pc * Rspc1 X Pse = Pry
Pc + R5,c2 X Psmc = Pr
Pc + Pspc + Psyme = 100%

form U, which pairs with A; 5mC is partially deaminated by eA3A-M5,

resulting in partial pairing with A and partial pairing with C; 5hmC is not deaminated by eA3A-M5 and still pairs with G. (B) In EDA-seq, upon
treatment with eA3A-M5, C was completely deaminated and read as T during sequencing; 5mC was partially deaminated and read as both C and
T; while 5hmC was not deaminated and read as C. The proportion of T readouts in sequencing at specific cytosine sites is equivalent to the sum of
the proportion of C and the proportion of 5mC multiplied by the deamination rate of 5mC. The Pr; and Pr, values can be determined from the
sequencing results of the analyzed DNA treated with eA3A-M5 at different times. The Rsmci and Rsmcz values can be obtained from the
sequencing results of the 5mC spike-in DNA. The proportions of C, 5mC and 5hmC can be obtained according to egn (5)—(7).
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Simultaneous and quantitative detection of C, 5mC and 5hmC
at specific genomic loci using EDA-seq

Genomic DNA was extracted from lung cancer tissue and cor-
responding normal tissue using a Tissue DNA kit (Omega Bio-
Tek Inc., Norcross, GA, USA). The isolated DNA was then frag-
mented to an average size of approximately 300 bp using a JY92-
II N ultrasonic homogenizer (Scientz). To assess the deamina-
tion rate of 5mC in different sequence contexts, 0.1% of THRA
5mC spike-in and ALS2CL 5mC spike-in were added to the
fragmented DNA. 50 ng of this mixture was denatured and
incubated with 20 uM of the eA3A-M5 protein for either 1 or 2 h.
The resulting DNA was subsequently PCR-amplified using a set
of specific primers (Table S41). The PCR products were then
analyzed by Sanger sequencing. The sequencing data obtained
from the spike-in DNA were used to calculate the deamination
rate of 5mC, represented as Rsn,c. The sequencing data from the
genomic DNA were used to calculate the proportion of T reads
(Pr) in the sequence output. Different Rs,,c and the corre-
sponding Prvalues were applied to identify the levels of C, 5mC,
and 5hmC at the individual cytosine sites in genomic DNA
using the eqn (5)-(7).

Quantitative detection of C, 5mC and 5hmC at specific
genomic loci by combined BS-seq and ACE-seq

Genomic DNA was extracted from lung cancer tissue and cor-
responding normal tissue and fragmented as aforementioned.
for BS-seq, 200 ng of fragmented DNA was subjected to bisulfite
treatment using an EpiTect Fast DNA Bisulfite Conversion kit
(Qiagen GmbH, Hilden, German) according to the manufac-
turer's protocol. The deaminated DNA was amplified using site-
specific primers (Table S41) and PCR products were analyzed by
Sanger sequencing. The sequencing results of BS-seq provided
the total proportion of 5mC and 5hmC (Psmcsnmc) at the
individual cytosine sites in the gene bodies of THRA and
ALS2CL. As for ACE-seq, 1 pg of the fragment DNA was first
treated with B-glucosyltransferase (New England Biolabs) at 37 °
C for 2 h followed by purification using 0.9 x KAPA pure beads
(Roche). The resulting DNA (100 ng) was denatured and treated
with 20 uM of wtA3A. The deaminated DNA was amplified using
site-specific primers (Table S41) and PCR products were
analyzed by Sanger sequencing. The sequencing results of ACE-
seq provided the proportion of 5hmC (Pspmc) at the individual
cytosine sites in the gene bodies of THRA and ALS2CL. The
proportion of 5mC (Psyc) at those individual cytosine sites
could be calculated by subtracting Ps,m,c detected by ACE-seq
from Pspyc+snmc detected by BS-seq.

Results and discussion

Principle of engineered deaminase-assisted sequencing for
quantitative detection of C, 5mC and 5hmC at the same site

Given the comparable performance of 5mC and 5hmC in
bisulfite treatment, TET oxidation, and A3A-mediated deami-
nation, a combination of two methods is typically essential for
distinguishing between 5mC and 5hmC (Fig. S3t). This can be
achieved through the concurrent use of BS-seq and oxBS-seq or
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TAB-seq. In this study, we aimed to develop a straightforward
technique for the simultaneous and quantitative detection of C,
5mC and 5hmC at the same site. It has been proven that wtA3A
can deaminate C, 5mC, and 5hmC to yield U, T, and 5-hydrox-
ymethyluracil (5hmU), respectively.”*****' Moreover, wtA3A does
not affect A, T, and G. Therefore, following wtA3A treatment, C
and 5mC are deaminated and interpreted as T during
sequencing, while 5hmC is partially deaminated and read as
both C and T (Fig. S47).

Building on our previous research, we engineered the wtA3A
protein and identified a novel engineered A3A mutant (eA3A-M5),
which displayed distinctly different deamination activities towards
C, 5mC, and 5hmC (Fig. 1A). Upon treatment with eA3A-M5, C was
completely deaminated and read as T during sequencing; 5mcC
was partially deaminated and read as both C and T; while 5hmC
was not deaminated and read as C (Fig. 1A). With the screened
eA3A-M5, we proposed an engineered deaminase-assisted
sequencing (EDA-seq) method for the simultaneous and quanti-
tative analysis of C, 5mC, and 5hmC at the same location. In this
respect, the proportion of T readouts during sequencing at
a specific cytosine site is equivalent to the sum of the proportion of
C and the proportion of 5mC multiplied by the deamination rate
of 5mC (Fig. 1B). The equations are as follows:

Pc + PSmC + PSth == IOO(VO (1)
P. + Psmc X Rsme = Pt (2)

P, Psmc, and Pspc represent the proportions of C, 5mC and
5hmC at the original cytosine site, respectively. Rs,c represents
the deamination rate of 5mC by eA3A-M5 treatment; Pr repre-
sents the proportion of T readouts in the sequence results.
Different deamination reaction times would result in varying
Rsmc values, consequently affecting Pr. When the original sites
contain C, 5mC, and 5hmC, the treatment of eA3A-M5 with
different time durations will lead to distinct values for Py and
Rsmc according to the following equations:

P, + Pspc X Rsmer = Py (3)
P+ Pspc X Rsme2 = P2 (4)

Thus, Pg, Psmc and Pspyc could be calculated using the
following equations:

Pe — P11 X Rsmcr — P12 X Rsmei (5)
RSmCZ - RSmCl

Pri — Pry
Pswe = ——7— 6
M7 Rsmer — Rsmez ©

PSth = 100% — Pc — P5mC [7)

Screening of eA3A proteins

It has been shown that wtA3A exhibits significantly weaker
deamination activity towards 5hmC compared to C/5mC, and

© 2024 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4sc00930d

Open Access Article. Published on 20 May 2024. Downloaded on 3/11/2026 5:24:55 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Edge Article

the deamination selectivity can be enhanced by altering the
amino acid compositions around loop 1 (residues 20 to 31) and
loop 7 (residues 130 to 135).>*** Previous study has also indi-
cated that wtA3A displays higher deamination -capability
towards cytosine in TC and CC sites than that in AC and GC
sites.*® Therefore, the deamination of engineered A3A proteins
towards C, 5mC, and 5hmC was assessed using three types of
dsDNA (DNA-C1, DNA-5mC1, and DNA-5hmC1, Table S11) with
C, 5mC, and 5hmC located in different sequence contexts of AC,
GC, TC, and CC sites.

We aimed to identify an engineered A3A variant that could
fully deaminate C, partially deaminate 5mC, and not deaminate
5hmC. Initially, we created eA3A-M1 by replacing the G25 (G,
glycine) and 126 (I, isoleucine) of wtA3A with the oligopeptide
“EPWVR” (E, glutamic acid; P, proline; W, tryptophan; V, valine;
R, arginine, Fig. S5At). Sanger sequencing confirmed that eA3A-
M1 efficiently deaminated C and 5mC. However, eA3A-M1 also
partially deaminated 5hmC (Fig. S5BT). Based on eA3A-M1, we
subsequently generated four types of eA3A mutants (eA3A-M2 to
eA3A-M5, Fig. 2A). eA3A-M2 was created with H29R (H, histi-
dine; R, arginine) and K30Q (K, lysine; Q, glutamine) mutations
in the loopl of eA3A-M1 (Fig. S6AT). The results showed that
eA3A-M2 fully deaminated C and 5mC, while also partially
deaminating 5hmC (Fig. S6Bf). We obtained eA3A-M3 with
P134T (P, proline; T, threonine) and L135D (L, leucine; D,
aspartic acid) mutations in the loop 7 of eA3A-M2 (Fig. S7AT).
The results demonstrated that eA3A-M3 fully deaminated C and
5mC, without deaminating 5ShmC (Fig. S7Bf). We generated
eA3A-M4 and eA3A-M5 by replacing the V28 of eA3A-M3 with
glutamic acid (E) and proline (P), respectively (Fig. S8AT and

(A)
o
a1 Loop 1 B6 Loop?7
20 30 130

WtA3A IHIFTSNFNNG ......... IGRHK.......... AARIYDYDPL‘
eA3A-M1 HIFTSNFNNEPWVRGRHK........... AARIYDYDPL
eA3A-M2 HIFTSNFNNEPWVRGRRQ........... AARIYDYDPL
eA3A-M3 HIFTSNFNNEPWVRGRRQ......... AARIYDYDTD
eA3A-M4 HIFTSNFNNEPWERGRROQ.......... AARIYDYDTD
eA3A-M5 HIFTSNEFNNEPWPRGRROQ............ AARIYDYDTD
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2A). eA3A-M4 partially deaminated C and 5mC (Fig. S8Bf).
Encouragingly, eA3A-M5 fully deaminated C and partially
deaminated 5mC but showed no deamination activity towards
5hmC (Fig. 2B). Consequently, eA3A-M5 meets the requirement
for the development of EDA-seq.

Development of EDA-seq. After characterizing the deamina-
tion properties of eA3A proteins, we employed eA3A-M5 in the
development of EDA-seq. The crux of EDA-seq lies in deter-
mining the deamination rate of 5mC (Rs;c) by eA3A-M5 treat-
ment. We hypothesize that 5mC in the same sequence context
would exhibit a consistent deamination rate under eA3A-M5
treatment. Accordingly, the deamination rate of 5mC in the
analyzed DNA can be derived from a spike-in DNA that shares
the same sequence context around the 5mcC site. In this respect,
we combined DNA-C/5mC (Table S1t) with a DNA-C/5mC spike-
in (Table S27), followed by eA3A-M5 treatment (Fig. S9At). The
sequencing results revealed similar deamination rates of 5mC
from DNA-C/5mC and the spike-in DNA, despite the DNA-C/
5mC and spike-in DNA content differing by thousands of times
(Fig. S9BT). Moreover, the deamination rate of 5mC by eA3A-M5
increased with longer incubation times, while C in the DNA was
fully deaminated (Fig. S9Ct). Taken together, Rsn,c can be
determined using a spike-in DNA, and different reaction times
can yield varying Rs,c values, which can be utilized to calculate
the 5mC level at specific sites.

When the original sites only contain C and 5mC, after the
treatment of eA3A-M5, Rs,c and Py can be applied to eqn (1)
and (2). Thus, Ps;,c could be calculated using the following

eqn (8):

(B)
eA3A-M5

DNA-C1 TCGATGGTCCGTATGCGTAGAATACG ¢

wonsams AMWAAVVWARY WAVVYVIA

Sequenced 11GATGGTTTGTATGTGTAGAATATG

lSequencing

2 g8 2 2
g 5% g g
DNA-5mC1 TCGATGGTCCGTATGCGTAGAATACG 5mC
" * A l Sequencing
- E 0 \_A__A crr

Sequenced T GATGGT GTATG GTAGAATA G

Q

hmC
—-S5hmC

Q
3
éGTATe_éeTAGAAT/LCG 5hmC

O—snmc

DNA-5hmC1 TCGATGGT

& H A lSequencing

+etA3A-M5
Sequenced TCGA TGGTCCGTATGCGTAGAATACG

Fig. 2 Assessment of eA3A-M5 specificity for C, 5mC, and 5hmC across various sequence contexts. (A) The amino acid compositions of wtA3A
and engineered A3A mutants (eA3A-v1 to eA3A-M5). (B) Sanger sequencing results for DNA substrates containing C, 5mC, and 5hmC (DNA-C1,
DNA-5mC1, and DNA-5hmC1, respectively) as analyzed by EDA-seq. eA3A-M5 converted all the C sites to U, which were subsequently read as T
during sequencing; 5mC sites underwent partial deamination, resulting in a mixed read of C and T; 5hmC sites remained unaltered by eA3A-M5

and continued to be read as C.
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The Pr can be determined from the sequencing results of the
detected DNA, while the Rs,c can be calculated from the
sequencing results of the spike-in DNA. To assess the effec-
tiveness of EDA-seq, DNA-C2 and DNA-5mC2 (Table S1t) were
mixed at varying ratios, with 5mcC in different sequence contexts
(TC, CC, GC, and AC sites) ranging from 0 to 100%. Approxi-
mately 0.1% of DNA-5mC2 spike-in (Table S21) was added to
determine the deamination rate of 5mcC in different sequence
contexts (Fig. 3A). The mixtures were then analyzed using EDA-
seq with Sanger sequencing (Fig. 3B and S10-S12%). Psp,c was
calculated according to eqn (8). The results indicated that the
measured proportion of 5mC (Ps,¢) at different sites increased
proportionally with the theoretical percentage of 5mC in the
mixture of DNA-C2 and DNA-5mC2 (Fig. 3C). This suggests that
the EDA-seq method can quantitatively measure 5mC at
different stoichiometries in specific sites that contain C and
5mcC.

When the original sites contain C, 5mC and 5hmcC, after the
treatment of eA3A-M5 at different times, Pry, Pry, Rsmc: and
Rsmco can be applied to eqn (3) and (4). The Pry and P, values
can be determined from the sequencing results of the detected
DNA treated with eA3A-M5 at different times. The Rs,c; and
Rsmco values can be obtained from the sequencing results of the
DNA-5mC2 spike-in (Fig. 4A). Thus, the proportions of C, 5mC
and 5hmC can be obtained according to eqn (5) - (7). In this
context, DNA-C2, DNA-5mC2, and DNA-5hmC2 were mixed,
with the proportions of C, 5mC, and 5hmC in different
sequence contexts setting at 30%, 30%, and 40%, respectively.
Approximately 0.1% of DNA-5mC2 spike-in was added to
determine the deamination rate of 5mC by treating it with eA3A-
M5 at different times (Fig. 4A). The mixtures were then sub-
jected to EDA-seq with Sanger sequencing. The results indicated
that the measured proportions of C, 5mC, and 5hmC at
different sites were comparable to the theoretical percentages of
C, 5mC, and 5hmC in the mixture of DNA-C2, DNA-5mC2, and
DNA-5hmC2 (Fig. 4B, C, S13-S157). This suggests that the EDA-
seq method is capable of simultaneously quantifying C, 5mC
and 5hmC at specific sites. The EDA-seq method involves
sequencing experiments at two different time points to deter-
mine the deamination rate for 5mC. This extended process
increases the overall duration of the workflow. Nevertheless, the
method remains straightforward compared to utilizing two
separate techniques to measure 5mC and 5hmC concurrently at
identical sites.

Simultaneous quantification of C, 5mC and 5hmcC at specific
genomic loci

Aberrant methylation, particularly the genome-wide reduction
of 5ShmC, is a common epigenetic feature of various cancers.***
The dysregulation of tumor-suppressor genes, such as THRA
and ALS2CL, is often associated with tumor invasion and
metastasis.””** A previous study has shown that the level of
5hmC at specific cytosine sites in the gene bodies of THRA and
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ALS2CL (Table S57) is lower in lung cancer tissue compared to
adjacent normal tissue.*® The EDA-seq method allows for the
simultaneous and quantitative detection of 5mC and 5hmC at
specific genomic loci, which was then applied in the detection
of 5mC and 5hmC in the gene bodies of THRA and ALS2CL from
both lung cancer tissue and adjacent normal tissue.

The genomic DNA from lung cancer tissue and adjacent
normal tissue was isolated and fragmented into an average size
of 300 bp. Subsequently, 0.1% THRA 5mC spike-in DNA and
ALS2CL 5mC spike-in DNA (Table S2}) were added to determine
the deamination rate of 5mC in different sequence contexts.
Following this, 100 ng of the DNA mixture was treated with
eA3A-M5 for 1 h or 2 h. The Sanger sequencing results of the
gene bodies of THRA and ALS2CL provided the proportion of T
reads (Pr). Additionally, the Sanger sequencing results of 5mC
spike-in DNA provided the deamination rates of 5mC (Rsmc) in
different sequence contexts (Fig. 5A). The different Py and Rsmc
values were utilized to calculate the proportions of C, 5mC, and
5hmC at individual cytosine sites in the gene bodies of THRA
and ALS2CL using eqn (5)-(7).

To validate the accuracy of the EDA-seq method, we also
utilized BS-seq and ACE-seq for the quantitative detection of
5mC and 5hmC at these sites (Fig. S161). With BS-seq, we ob-
tained the total proportion of 5mC and 5hmC (Psmc+shmc) at the
individual cytosine sites. In ACE-seq, 5hmC in DNA was pro-
tected by B-glucosyltransferase and then C and 5mC were
deaminated by wtA3A. Following this treatment, C and 5mC
were deaminated and read as T during sequencing, while 5hmC
was not deaminated and still read as C during sequencing.
Therefore, the sequence results provided the proportion of
5hmC (Psnmc) at the individual cytosine sites. The proportion of
5mC at the individual cytosine sites could be calculated by
subtracting Psymc detected by ACE-seq from Psp,csnmc detected
by BS-seq (Fig. S167).

In the case of the THRA gene, analysis of the cytosine site at
chr17.38222379 in normal lung tissue using EDA-seq revealed
the proportions of C, 5mC, and 5hmC being 0%, 41.9%, and
58.1%, respectively. A combined analysis using BS-seq and ACE-
seq at the same site showed similar proportions, with 0%,
44.7%, and 55.3% for C, 5mC, and 5hmC, respectively (Fig. 5B-
D). In lung cancer tissue, EDA-seq revealed the proportions of C,
5mC, and 5hmC being 34.6%, 60.1%, and 5.3%, respectively;
the combined BS-seq and ACE-seq methods showed 29.3% C,
66.1% 5mC, and 4.6% 5hmC (Fig. 5B-D). For the ALS2CL gene,
at the cytosine site chr3.46713993 in normal lung tissue, EDA-
seq identified 8.0% C, 58.8% 5mC, and 33.2% 5hmC; BS-seq
and ACE-seq showed 10.9% C, 55.2% 5mC, and 33.9% 5hmC
(Fig. 5E-G). In lung cancer tissue, EDA-seq identified 15.4% C,
76.8% 5mC, and 7.8% 5hmC; BS-seq and ACE-seq showed
17.5% C, 74.2% 5mC, and 8.3% 5hmC (Fig. 5E-G). Overall, the
quantification of C, 5mC, and 5hmC at specific genomic loca-
tions by EDA-seq was found to be in close agreement with the
results from the combined BS-seq and ACE-seq approach. This
confirms the high accuracy of EDA-seq for quantitative detec-
tion of 5mC and 5hmC at individual cytosine sites. Further-
more, the data revealed that levels of 5hmC at these specific
sites were lower in lung cancer tissue compared to normal lung
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Fig. 3 Quantitative assessment of the 5mC level at cytosine sites containing C and 5mC by EDA-seq. (A) DNA-C2 and DNA-5mC2 were mixed at
varying ratios, with DNA-5mC2 ranging from 0% to 100%. A 0.1% DNA-5mC2 spike-in was introduced to determine the deamination rate of 5mC.
(B) Sanger sequencing results of TC sites in the DNA-C2 and DNA-5mC2 mixture, along with the DNA-5mC2 spike-in. (C) Linear regression
analysis of the measured proportion of 5mC at different sequence contexts against the corresponding theoretical proportion of 5mC at those
seguence contexts.
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Fig. 4 Quantitative assessment of C, 5mC, and 5hmC levels at cytosine sites containing C, 5mC, and 5hmC. (A) DNA-C2, DNA-5mC2, and DNA-
5hmC2 were mixed at proportions of 30%, 30%, and 40%, respectively. A 0.1% DNA-5mC2 spike-in was included in the mixture to determine the
deamination rate of 5mC. (B) Sanger sequencing results of TC sites in the DNA-C2, DNA-5mC2, and DNA-5hmC2 mixture, as well as the DNA-
5mC2 spike-in, after treatment with eA3A-M5 for varying durations. (C) The proportions of C, 5mC, and 5hmC at different sequence contexts
measured by EDA-seq. Dashed lines indicate the theoretical proportions of C, 5mC, and 5hmC.

tissue, while the levels of 5mC showed the opposite trend,
consistent with previous studies.*

Compared to previous methods used for quantitative detec-
tion of 5mC and 5hmC, EDA-seq offers several notable advan-
tages. Firstly, EDA-seq enables the simultaneous detection of C,
5mC, and 5hmcC at individual cytosine sites in DNA without the
need for combining two separate methods. Secondly, EDA-seq
simplifies the analytical process compared to methods
involving glycosylation of 5ShmC or TET-mediated oxidation.
Thirdly, EDA-seq utilizes a mild deamination reaction,

10080 | Chem. Sci, 2024, 15, 10073-10083

eliminating the need for harsh chemical reactions such as
bisulfite treatment. This gentle approach ensures that DNA is
not susceptible to degradation, making EDA-seq suitable for
quantitative detection of 5mC and 5hmC at individual cytosine
sites with limited amounts of input DNA. It is important to note
that in addition to 5hmC, 5fC and 5caC are also present in DNA.
However, the levels of 5fC and 5caC are significantly lower than
that of 5hmC, typically by 2 to 3 orders of magnitude.***"** As
a result, their impact on the quantitative detection of 5mC and
5hmC using EDA-seq is minimal and can be disregarded.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig.5 Quantitative assessment of C, 5mC, and 5hmC at specific genomic loci from lung cancer tissue and adjacent normal tissue using EDA-seq
and combined BS-seq and ACE-seq. (A) Schematic illustration of the quantitative detection of C, 5mC, and 5hmC at specific genomic loci by
EDA-seq. THRA 5mC spike-in and ALS2CL 5mC spike-in were added to determine the deamination rate of 5mC. (B) Sanger sequencing results of
the chrl7.38222379 site from normal lung tissue and corresponding lung cancer tissue, along with the THRA 5mC spike-in treated with eA3A-M5
for varying durations. (C) Sanger sequencing results of the chrl7.38222379 site from normal lung tissue and corresponding lung cancer tissue
using BS-seq and ACE-seq. (D) The proportions of C, 5mC, and 5hmC at the chr17.38222379 site detected by EDA-seq and the combined BS-seq
and ACE-seq. (E) Sanger sequencing results of the chr3.46713993 site from normal lung tissue and corresponding lung cancer tissue, along with
the ALS2CL 5mC spike-in treated with eA3A-M5 for varying durations. (F) Sanger sequencing results of the chr3.46713993 site from normal lung
tissue and corresponding lung cancer tissue using BS-seq and ACE-seq. (G) The proportions of C, 5mC, and 5hmC at the chr3.46713993 site
detected by EDA-seq and the combined BS-seq and ACE-seq.

Overall, EDA-seq overcomes several limitations present in quantitative detection of 5mC and 5hmC at the same site in
previous 5mC and 5hmC detection methods, making it a cost- DNA. Based on the calibration curves in Fig. 3, with intercepts
effective and versatile approach for simultaneous and ranging from 0.77 to 3.34, the EDA-seq method may not be
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suitable for accurately mapping low stoichiometric levels of
5mC and 5hmC. Previous study showed that approximately 8.5
to 10.5 million 5mC sites and 0.23 to 0.36 million 5hmC sites
were mapped in lung cancer tissues.”® Among these sites, over
90% exhibited stoichiometric levels exceeding 2%. Therefore,
the EDA-seq method could effectively analyze the majority of
5mC and 5hmC sites in this context. The genome-wide mapping
of 5mC and 5hmC by EDA-seq has not yet been achieved due to
the varying deamination activity of eA3A-M5 towards 5mC in
different sequence contexts. This limitation may be addressed
in future studies by identifying an engineered A3A mutant with
consistent deamination ability towards 5mC in various
sequence contexts.

Conclusion

In summary, we developed the EDA-seq method, which enables
the simultaneous and quantitative detection of C, 5mC, and
5hmC in DNA at single-base resolution. Through the engi-
neering of five A3A mutants (eA3A-M1 to eA3A-M5), we identi-
fied eA3A-M5 as the mutant possessing distinct deamination
activities for these cytosine modifications. eA3A-M5 is capable
of fully deaminating C and partially deaminating 5mC, yet
exhibits no deamination activity toward 5hmC, forming the
basis for the development of EDA-seq. Employing EDA-seq, we
effectively performed simultaneous and quantitative analyses of
C, 5mC, and 5hmC at specific genomic loci in lung cancer and
adjacent normal tissues. EDA-seq represents an advancement
over previous methods for mapping 5mC and 5hmcC, as it does
not require bisulfite treatment, chemical labeling, or DNA
glycosylation. In conclusion, EDA-seq offers a straightforward
and precise approach for the simultaneous and quantitative
detection of C, 5mC, and 5hmcC at specific genomic loci without
the need for combining with other methods. EDA-seq's sensi-
tivity and precision in detecting cytosine modifications with
minimal DNA input make it a valuable tool for epigenetic
studies in scenarios with scarce samples, such as single-cell and
cell-free DNA methylation and hydroxymethylation profiling.
This technique holds promise for advancing research in areas
such as early disease detection and understanding cellular
heterogeneity at the epigenetic level.
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