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The discovery of 5-hydroxymethylcytosine (5hmC) in mammalian genomes is a landmark in epigenomics
study. Similar to 5-methylcytosine (5mC), 5hmC is viewed as a critical epigenetic modification.
Deciphering the functions of 5hmC necessitates the location analysis of 5hmC in genomes. Here, we
proposed an engineered deaminase-mediated sequencing (EDM-seq) method for the quantitative
detection of 5hmC in DNA at single-nucleotide resolution. This method capitalizes on the engineered
human apolipoprotein B mRNA-editing catalytic polypeptide-like 3A (A3A) protein to produce differential
deamination activity toward cytosine, 5mC, and 5hmC. In EDM-seq, the engineered A3A (eA3A) protein
can deaminate C and 5mC but not 5hmC. The original C and 5mC in DNA are deaminated by eA3A to
form U and T, both of which are read as T during sequencing, while 5ShmC is resistant to deamination by
eA3A and is still read as C during sequencing. Therefore, the remaining C in the sequence manifests the
original 5hmC. By EDM-seq, we achieved the quantitative detection of 5hmC in genomic DNA of lung
cancer tissue. The EDM-seq method is bisulfite-free and does not require DNA glycosylation or chemical
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Introduction

DNA cytosine methylation (5-methylcytosine, 5mC) is the most
critical epigenetic modification that plays sophisticated roles in
regulating gene expression." 5mC modification in DNA is
dynamic and reversible.” In 2009, the discovery of 5-hydrox-
ymethylcytosine (5hmC) in mammalian genomes uncovered the
mechanism of active DNA demethylation in mammals.>* It has
been established that ten-eleven translocation (TET) proteins
can oxidize 5mC to 5hmC, 5-formylcytosine (5fC), and 5-car-
boxycytosine (5caC).” The resulting 5fC and 5caC undergo base
excision repair or direct deformylation or decarboxylation to
restore unmodified cytosines.>”

The discovery of 5hmC in mammalian genomes is a land-
mark in epigenomics study.'® Similar to 5mC in DNA, 5hmC is
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DNA at single-nucleotide resolution.

also viewed as a vital epigenetic marker that could modulate
gene expression.” A growing number of studies have demon-
strated that 5hmC plays important roles in diverse biological
processes, such as tumorigenesis and embryogenesis.'>™* Some
methods have been developed to detect 5hmC in genomic DNA,
including thin layer chromatography detection,®* liquid chro-
matography or capillary electrophoresis with mass spectrometry
(LC-MS or CE-MS) analysis."*?* In these methods, genomic DNA
is normally digested to nucleosides or nucleotides followed by
analysis with different platforms, which mainly provides the
qualitative and quantitative detection of 5hmC.

Revealing the functions of 5hmC in DNA necessitates the
location analysis of 5hmC in genomes.**>* Several techniques
have been developed to map 5hmC in DNA. Affinity enrichment-
based purification followed by sequencing methods has been
established to map 5hmC in genomes.>**** However, these
methods cannot precisely map 5hmC in DNA at single-
nucleotide resolution.*® Afterwards, oxidative bisulfite
sequencing (oxBS-seq)** and TET-assisted bisulfite sequencing
(TAB-seq)* methods were established to detect 5hmC in DNA at
single-nucleotide resolution. A limitation of these methods is
the use of bisulfite because the harsh conditions for chemical
treatment can lead to the degradation of input DNA as much as
99.9%.%* Detection of 5hmC through single-molecule, real-time
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(SMRT) sequencing is possible.*” However, SMRT sequencing
currently has a relatively high rate of false-positive mapping of
modified nucleobases.*®

It has been reported that the A3A (apolipoprotein B mRNA-
editing catalytic polypeptide-like 3A) protein can efficiently
deaminate cytosine (C), 5mC and 5hmC in DNA but shows no
deamination activity toward glycosylated 5hmC (B-glucosyl-5-
hydroxymethyl-2’-deoxycytidine, 5gmC).***® Using this property
of A3A, we and others reported A3A-mediated deamination
sequencing (AMD-seq)* and A3A-coupled epigenetic
sequencing (ACE-seq)*' for mapping 5hmC in DNA at single-
base resolution. In these approaches, 5hmC is first glycosy-
lated to produce 5gmC by using B-glucosyltransferase (B-GT).
Upon A3A treatment, C and 5mC in DNA are converted to U and
T, respectively. Both U and T are read as T during sequencing,
while 5gmC is resistant to the deamination by A3A and read as C
during sequencing. These methods, however, require the pre-
treatment of DNA with B-GT to glycosylate 5hmC.

In the current study, we generated a series of engineered A3A
proteins from the wild-type A3A (WtA3A) protein. With the
characterized unique deamination properties of engineered
A3A proteins, we developed an engineered deaminase-mediated
sequencing (EDM-seq) method for the quantitative detection of
5hmC at single-nucleotide resolution. The EDM-seq method is
straightforward and does not require chemical treatment or
glycosylation by B-GT. By the proposed EDM-seq, we achieved
the direct and quantitative detection of 5hmC in genomic DNA
of lung cancer tissue and the corresponding adjacent normal
tissue.

Experimental methods

Materials and reagents

The 24-mer C-containing DNA (GC-C, AC-C, TC-C and CC-C), 24-
mer 5mC-containing DNA (GC-5mC, AC-5mC, TC-5mC and CC-
5mC), and 24-mer 5hmC-containing DNA (GC-5hmC, AC-
5hmC, TC-5hmC and CC-5hmC) were purchased from Takara
Biotechnology Co., Ltd. (Dalian, China). The sequences of these
oligonucleotides are listed in ESI Table S1.} 2’-Deoxycytidine
(dC), 2’-deoxyguanosine (dG), 2’-deoxyadenosine (dA), thymidine
(dT), 2'-deoxynucleoside 5'-triphosphates (dATP, dCTP, dGTP,
and TTP) and phosphodiesterase I 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 purchased from TriLink BioTech-
nologies (San Diego, CA, USA). DNase I, S1 nuclease and alkaline
phosphatase (CIAP) were purchased from Takara Biotechnology
Co. Ltd. (Dalian, China). The lung cancer tissue and the corre-
sponding adjacent normal tissue were collected from Hubei
Cancer Hospital (Wuhan, China). All experiments were con-
ducted in accordance with the guidelines and regulations of the
Ethics Committee of Hubei Cancer Hospital.

Preparation of double-stranded DNA with C, 5mC and 5hmC

Three kinds of 224-bp double-stranded DNA (dsDNA) substrates
(DNA-C, DNA-5mC, and DNA-5hmC) and two kinds of 234-bp
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dsDNA substrates (DNA-C5mC and DNA-C5hmC) were prepared
as the standards for the method development. The detailed
sequence information can be found in ESI Table S2.7 As for the
preparation of DNA-C, 0.5 ng of synthetic DNA (Takara) was
used as the template for PCR amplification. PCR amplification
was carried out in a 50 pL reaction solution including 1 U of Q5
DNA polymerase (New England Biolabs), 5 pL of 10x reaction
buffer, 4 pL of dATP, dGTP, TTP, and dCTP (2.5 mM for each), 2
pL of 10 puM forward primer (5-GAGTGACGCTGAGCTT-
GACGTCGCGC-3'), and 2 pL of 10 puM reverse primer (5'-
ATCCTCTCCAACATTCCACTAACAATTA-3'). DNA-5mC and
DNA-5hmC were prepared by PCR amplification with dCTP
being replaced by 5mdCTP or 5hmdCTP, respectively. As for the
DNA-5mC and DNA-5hmC, all the cytosines were replaced by
5mC or 5hmC, respectively (except for the cytosines in PCR
primers). The PCR reaction consisted of 95 °C for 5 min, 30
cycles of 95 °C for 1 min, 60 °C for 1 min, and 72 °C for 1 min,
followed by 72 °C for 10 min. As for the preparation of DNA-
C5mC and DNA-C5hmC, 0.5 ng of synthetic DNA (Takara) was
used as the template for PCR amplification. PCR amplification
was carried out under the same conditions as those for the
preparation of DNA-C except that the forward primer was
replaced by primer CX (5-GAGTGACGCTGAGCTT-
GACGTCGCGCGTC-3') and dCTP was replaced by 5mdCTP or
5hmdCTP, respectively. The PCR products were separated by
agarose gel electrophoresis and recovered using a Gel Extraction
kit (Omega Bio-Tek Inc., Norcross, GA, USA).

Expression and purification of engineered A3A proteins

The full-length coding sequence of the wild-type A3A (WtA3A)
protein or engineered A3A (eA3A) protein was cloned into the
pET-41a(+) plasmid, which was transformed into the Escherichia
coli (E. coli) BL21(DE3) pLysS strain. These recombinant
proteins carried the human rhinovirus 3C protease (HRV 3C)
site between the glutathione S-transferase (GST) tag and the
WtA3A protein or eA3A protein. The transformed E. coli cells
were grown in LB medium (tryptone 10 g L™, yeast extract 5 g
L', and NaCl 10 g L™ ") at 37 °C supplemented with kanamycin
(10 pg mL ") and chloramphenicol (10 pg mL ). The culture of
bacteria was carried out under shaking at 180 rpm. Isopropyl-p-
p-thiogalactoside (IPTG) was added to the medium with a final
concentration of 0.5 mM when the OD600nm of E. coli cell
suspension reached 0.6. The expression of recombinant
proteins was induced at 25 °C for 20 h. Then the E. coli cells were
harvested by centrifugation at 10 000g for 5 min. Cell pellets
were lysed by sonication and then centrifuged at 12 000 g at4 °C
for 10 min. The obtained supernatant was incubated with
Glutathione Sepharose™ 4B beads (Sangon, Shanghai, China)
according to the manufacturer's recommended procedure. After
digestion with HRV 3C protease (Sangon, Shanghai, China), the
WtA3A or eA3A protein was further purified with a size-exclusion
column (Millipore, Darmstadt, Germany) and equilibrated with
a storage solution containing 50 mM Tris-HCI (pH 7.5), 50 mM
NaCl, 0.01 mM EDTA, 0.5 mM dithiothreitol, and 0.01% Tween-
20. The purified proteins were determined by SDS-PAGE and
stored at —80 °C before use (the representative SDS-PAGE for
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WtA3A, eA3A-5 and eA3A-9 is shown in ESI Fig. S1f). The
concentrations of purified proteins were quantified using the
BCA protein assay kit (Beyotime, Shanghai, China).

Deamination assay for single-stranded DNA

The 24-mer C-containing DNA (GC-C, AC-C, TC-C and CC-C),
5mC-containing DNA (GC-5mC, AC-5mC, TC-5mC and CC-
5mC), and 5hmC-containing DNA (GC-5hmC, AC-5hmC, TC-
5hmC and CC-5hmC) were used as the substrates to evaluate
the deaminase activity of wtA3A and eA3A proteins toward C,
5mC and 5hmC. Typically, 60 ng of the oligonucleotide was
incubated with different concentrations of the wtA3A or eA3A
protein in a 20 pL solution of 20 mM MES (pH 6.5), 0.1% Triton
X-100, and 2 pL of DMSO at 37 °C for 2 h. The deamination
reaction was terminated by incubating at 95 °C for 10 min. The
deamination rate of wtA3A and eA3A proteins was determined
by liquid chromatography-tandem mass spectrometry (LC-MS/
MS) analysis.

Deamination assay for double-stranded DNA

Three kinds of 224-bp dsDNA (DNA-C, DNA-5mC, and DNA-5hmC)
were used as the substrates to evaluate the deaminase activity of
WtA3A and eA3A proteins. Typically, 60 ng of the dsDNA substrate was
first denatured to single-stranded (ssDNA) by heating at 95 °C for
10 min and then chilling at 0 °C for 5 min. The denatured DNA was
treated with 20 uM of the wtA3A or eA3A protein. 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, and 2 uL of DMSO. The deamina-
tion reaction was quenched by heating at 95 °C for 10 min.
Deaminase-treated DNA was then amplified by PCR using EpiMark®
Hot Start Tag DNA polymerase (New England Biolabs). PCR amplifi-
cation was carried out with initial denaturation at 95 °C for 3 min and
25 cycles of 95 °C for 30 s, 55 °C for 1 min and 68 °C for 1 min,
followed by 5 min of elongation at 68 °C. 20 pmol of forward primer
(5-GAGTGATGTTGAGTTTGATGTTGTGT-3) and reverse primer (5'-
CTCCAACATTCCACTAACAATTACTCTCT-3') were used for PCR
amplification. The resulting PCR products were subjected to Sanger
sequencing and colony sequencing (TsingKe). Colony sequencing was
carried out according to previous reports.**** The detailed procedure
of colony sequencing can be found in the ESLt

Enzymatic digestion of DNA

The enzymatic digestion of DNA was carried out under neutral
conditions according to a previous report.**** Briefly, a 50 uL
mixture containing 1 pg of DNA, 2.5 U of DNase I, 0.125 U of
phosphodiesterase I, 90 U of S1 nuclease, 7.5 U of CIAP and 5 uL
of reaction buffer (50 mM Tris-HCI, pH 7.0, 10 mM NaCl, 1 mM
MgCl,, and 1 mM ZnSO,) was incubated at 37 °C for 6 h. The
digested samples were extracted with chloroform twice. The
aqueous layer was lyophilized to dryness and reconstituted in 50
uL H,O followed by LC-MS/MS analysis.

LC-MS/MS analysis

LC-MS/MS analysis of nucleosides was carried out on a LC-MS/
MS system consisting of an AB 3200 QTRAP mass spectrometer
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(Applied Biosystems, Foster City, CA, USA) and a Shimadzu LC-
20AD HPLC (Tokyo, Japan). LC separation was conducted on
a Hisep C18-T column (150 mm x 2.1 mm i.d., 5 pm, Weltech
Co., Ltd., Wuhan, China) with a flow rate of 0.2 mL min™" at
35 °C. Water (solvent A) and methanol (solvent B) were
employed as mobile phases with a gradient of 5-50% B for
25 min. Mass spectrometry detection was carried out in the
positive electrospray ionization mode, and nucleosides were
monitored in the multiple reaction monitoring (MRM) mode.
Mass transitions (precursor ions — product ions) of dC (228.1
— 112.1),dT (243.1 — 127.1), dA (252.1 — 136.1), dG (268.1 —
152.1), 5mC (242.1 — 126.1), 5hmC (258.1 —142.1), and 5gmC
(268.1 — 142.1) were utilized to determine these nucleosides.

Quantitative and site-specific detection of 5hmC at individual
sites in genomic DNA by EDM-seq

Genomic DNA of lung cancer tissue and the corresponding
normal tissue was extracted using the tissue DNA kit (Omega
Bio-Tek Inc., Norcross, GA, USA) according to the manufac-
turer's recommended procedure. The genomic DNA was frag-
mented into an average size of 500 bp using a JY92-II N
Ultrasonic Homogenizer (Scientz) with the following settings:
130 W peak incident power for 30 cycles (1 cycle =5sonand 5 s
off). As for the EDM-seq, the fragment DNA (60 ng) was dena-
tured and treated with 20 uM of the eA3A protein. As for the
AMD-seq method, 1 pg of the fragment DNA was treated with B-
GT (New England Biolabs) at 37 °C for 2 h followed by purifi-
cation using 0.9 x KAPA pure beads (Roche). The resulting DNA
(60 ng) was denatured and treated with 20 uM of wtA3A. The
deaminase-treated DNA was amplified using site-specific
primers (ESI Table S3f). The PCR products were subjected to
Sanger sequencing and colony sequencing. As for colony
sequencing, 50 clones for each sample were randomly picked up
and subjected to sequencing.

Results and discussion

Principle of the engineered deaminase-mediated sequencing
(EDM-seq)

In the current study, we aimed to establish a straightforward
method for quantitative detection of 5hmC at single-nucleotide
resolution. We and others previously demonstrated that the
wtA3A protein could deaminate C, 5mC, and 5hmC in DNA to
generate U, T, and 5-hydroxymethyluracil, respectively (ESI
Fig. S2t).**** However, wtA3A shows weaker deamination
activity toward 5hmC than toward C and 5mC.*

It has been reported that the neighbouring 5’ nucleobase of
cytosine may affect the deamination activity of wtA3A toward
cytosine.” Here we further evaluated the readouts of C, 5mC,
and 5hmC in different sequence contexts of GC, AC, TC and CC
sites after wtA3A treatment. In this respect, three 224-bp dsDNA
(DNA-C, DNA-5mC, and DNA-5hmC) were utilized for the eval-
uation (ESI Table S2t). The dsDNA was denatured to single-
stranded DNA (ssDNA) and treated with wtA3A. The resulting
DNA was amplified and subjected to Sanger sequencing. It can
be seen that all the C in DNA-C and all the 5mC in DNA-5mC

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig.1 Principle of the EDM-seq method. (A) C and 5mC can be deaminated by the eA3A protein to form U and T, respectively. Both U and T base
pair with A. 5hmC is resistant to the deamination by the eA3A protein and still base pairs with G. (B) In EDM-seq, C and 5mC are deaminated to
form U and T, both of which will be read as T during sequencing. However, 5hmC is not deaminated by the eA3A protein and still read as C during

sequencing. Thus, the remaining C manifests the original 5hmC in DNA.

were read as T after wtA3A treatment (ESI Fig. S31). However,
5hmC in TC and CC sites was read as T; while 5hmC in GC and
AC sites was partially read as T and partially read as C (ESI
Fig. S31), indicating that wtA3A could fully deaminate 5hmC in
TC and CC sites and partially deaminate 5hmC in GC and AC
sites.

The property of the wtA3A protein that exhibits weaker
deamination activity toward 5hmC than toward C and 5mC
inspired us to engineer wtA3A to further increase the deami-
nation selectivity of wtA3A toward 5hmC and C/5mC. Along this
line, we expect that an engineered A3A (eA3A) protein can
deaminate C and 5mC but not 5hmC. In this respect, the orig-
inal C and 5mC in DNA will be deaminated by eA3A to form U
and T, both of which are read as T during sequencing, while
5hmC is resistant to the deamination by eA3A and is still read as
C during sequencing (Fig. 1). Therefore, the remaining C in the
sequence manifests the original 5hmC, which offers the single-
nucleotide resolution detection of 5ShmC in DNA (Fig. 1).

Engineered A3A proteins

According to the crystal structure of wtA3A, the amino acid
residues 31 (threonine, T) and 130 (tyrosine, Y) contribute to the
cytosine positioning by directly interacting with the pyrimidine
ring.** We speculate that the residues T31 and Y130 should be
critical for the deamination capability of the wtA3A protein
toward C, 5mC and 5hmC. Indeed, alteration of the residue T31
or Y130 reduces the deamination activity of the wtA3A protein
toward C.*” Previous reports demonstrated that loop 1 and loop

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

7 of wtA3A played crucial roles in the intrinsic substrate pref-
erence of wtA3A.*>*” We therefore engineered a subset of resi-
dues around loop 1 and loop 7 of wtA3A and generated a series
of engineered A3A proteins (eA3A-1 to eA3A-9, Fig. 2A). The
deamination activities toward C, 5mC, and 5hmC by these eA3A
proteins were evaluated using three 224-bp dsDNA (DNA-C,
DNA-5mC, and DNA-5hmC).

We initially obtained eA3A protein 1 (eA3A-1) with arginine
(R) and glutamine (Q) replacing residues 29 (histidine, H) and
30 (lysine, K) of wtA3A (Fig. 2A). The Sanger sequencing results
showed that eA3A-1 could readily deaminate C but partially
deaminate 5mC and 5hmC (ESI Fig. S41). eA3A protein 2 (eA3A-
2) was generated with P134T and L135D mutations in loop 7 of
eA3A-1 (Fig. 2A). eA3A-2 showed excellent deamination activity
toward both C and 5mC (ESI Fig. S5t). However, eA3A-2 only
moderately deaminated 5hmC in TC and CC sites and could not
deaminate 5hmC in GC and AC sites (ESI Fig. S51). Since eA3A-2
is capable of deaminating C and 5mC but not 5hmC in GC and
AC sites, the differential deamination performance of eA3A-2
toward C/5mC and 5hmC can be utilized to detect 5hmC in
GC and AC sites.

It has been observed that alteration of residue 25 (glycine, G)
in loop 1 of wtA3A could affect the deamination activity of
WtA3A.**** On the basis of eA3A-2, we further generated eA3A
proteins 3, 4, 5, and 6 (eA3A-3, eA3A-4, eA3A-5, and eA3A-6)
(Fig. 2A). These four eA3A proteins all exhibited adequate
deamination activity toward C (Fig. 2B and ESI Fig. S6-S87).
However, eA3A-3 and eA3A-4 could not efficiently deaminate

Chem. Sci., 2022,13, 7046-7056 | 7049
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Fig.2 Characterization of the deaminase selectivity of eA3A-5 and eA3A-9 toward C, 5mC and 5hmC in different sequence contexts by Sanger
sequencing. (A) The amino acid composition of wtA3A and eA3A proteins in the loop 1 and loop 7 regions. (B) The sequencing results of three
224-bp dsDNA (DNA-C, DNA-5mC, and DNA-5hmC) after eA3A-5 treatment. In GC and AC sites, all the C and 5mC were deaminated by eA3A-5
and then read as T; but all the 5hmC were resistant to deamination by eA3A-5 and still read as C. (C) The sequencing results of three 224-bp
dsDNA (DNA-C, DNA-5mC, and DNA-5hmC) after eA3A-9 treatment. In TC and CC sites, all the C and 5mC were deaminated by eA3A-9 and
then read as T; but all the 5hmC was resistant to deamination by eA3A-9 and was still read as C.

5mC and showed no deamination activity toward 5hmC (ESI
Fig. S6 and S7t) and therefore are not suitable to be utilized to
discriminate C/5mC and 5hmC. eA3A-5 and eA3A-6 could
effectively deaminate 5mC and showed a moderate activity
toward 5hmC in TC and CC sites (Fig. 2B and ESI Fig. S81). On
the contrary, eA3A-5 and eA3A-6 could not deaminate 5ShmC in
GC and AC sites (Fig. 2B and ESI Fig. S87). Consequently, eA3A-5
and eA3A-6 could be used to discriminate 5hmC from C/5mC in
GC and AC sites.

Next, we further generated eA3A-7 (with G27P mutation in
loop 1 of eA3A-3), eA3A-8 (with D131T mutation in loop 7 of
eA3A-4), and eA3A-9 (with 126N mutation in loop 1 of eA3A-5)
(Fig. 2A). All these three eA3A proteins of eA3A-7, eA3A-8 and
eA3A-9 could efficiently deaminate C and 5mC in TC and CC
sites but showed attenuated deamination activity toward 5mC
in GC and AC sites (Fig. 2C and ESI Fig. S9 and S107).

(A)

—5hmC
O—5mC
—5hmC

(9]

(5]
£
GC Gz G AC Al Al

eA3A-5
Q o
£ £
1 i
Sequencing
GT GT GC AT AT AC

/I\/I\/I\/l\/l\/l\

Conversely, eA3A-7, eA3A-8 and eA3A-9 couldn't deaminate
5hmC in all the cytosine sites (Fig. 2C and ESI Fig. S9 and S107).
Therefore, eA3A-7, eA3A-8 and eA3A-9 all could be used to
discriminate 5hmC from C/5mC in TC and CC sites.
Collectively, based on the reported crystal structure of wtA3A
and the characterized region that is critical to the substrate
preference and enzyme activity of wtA3A, we engineered and
generated a series of A3A mutant proteins (eA3A-1 to eA3A-9).
Three eA3A proteins (eA3A-2, eA3A-5 and eA3A-6) exhibit effec-
tive deamination activity toward C/5mC but show no deami-
nation activity toward 5hmC in GC and AC sites. Likewise, the
other three eA3A proteins (eA3A-7, eA3A-8 and eA3A-9) exhibit
effective deamination activity toward C/5mC but show no
deamination activity toward 5hmC in TC and CC sites. As for the
underlying mechanism of the changed substrate preference of

(B)

—5mC

-
-
O
-
O—5hmC
(2]
(2]

O—5mC
O—5hmC

cc

eA3A-9
o Q
E E
i |
Sequencing
T1 TT TC TI T TC

Fig.3 Schematicillustration of the EMD-seq method. (A) After eA3A-5 treatment, C and 5mC in GC and AC sites were deaminated andread as T,
while 5hmC was not deaminated and read as C. (B) After eA3A-9 treatment, C and 5mC in TC and CC sites were deaminated and read as T, while
5hmC was not deaminated and read as C. The combined use of eA3A-5 and eA3A-9 enables the quantitative and site-specific detection of 5hmC

in DNA within various sequence contexts.
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eA3A-5 and eA3A-9, the crystal structures of eA3A-5 and eA3A-9
should be obtained, which can be carried out in future studies.

Quantitative and site-specific detection of 5hmC in DNA by
EDM-seq

After characterization of the deamination properties of these
eA3A proteins toward C, 5mC and 5hmC, we proposed an
engineered deaminase-mediated sequencing (EDM-seq)
method for the quantitative detection of 5hmC at single-
nucleotide resolution (Fig. 3). In this method, two eA3A
proteins, eA3A-5 and eA3A-9, were employed as the deaminases
for the deamination reaction. According the aforementioned
properties of eA3A proteins, eA3A-5 is able to totally deaminate
C/5mC but shows no deamination activity toward 5hmC in GC
and AC sites, while eA3A-9 is able to totally deaminate C/5mC
but shows no deamination activity toward 5shmC in TC and
CC sites. In addition, a similar deamination of 5mC in both
C5mC and 5mC5mC sites (or resistance to deamination of
5hmC in C5hmC and 5hmC5hmC sites) can be obtained by
eA3A-9 (ESI Fig. S117). Therefore, the combined use of eA3A-5
and eA3A-9 could offer the direct detection of 5hmC in
various sequence contexts, including GC, AC, TC and CC sites
(Fig. 3).

In EDM-seq, eA3A-5 is used to detect 5hmC at GC and AC
sites, while eA3A-9 is used to detect 5hmC at TC and CC sites.
The 24-mer C-containing DNA (GC-C, AC-C, TC-C and CC-C),
5mC-containing DNA (GC-5mC, AC-5mC, TC-5mC and CC-
5mC), and 5hmC-containing DNA (GC-5hmC, AC-5hmC, TC-
5hmC and CC-5hmC) were used as the substrates to evaluate
the deamination efficiency of eA3A-5 and eA3A-9 toward C, 5mC
and 5hmC by LC-MS/MS analysis. Three different mixtures of
DNA (GC-C and AC-C; GC-5mC and AC-5mC; GC-5hmC and AC-
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5hmC) were separately treated with eA3A-5 followed by LC-MS/
MS analysis. The results showed that neither the dC nor 5mC
signal was observed after eA3A-5 treatment; however, the signal
intensity of 5hmC was almost intact after eA3A-5 treatment
(Fig. 4A). Similarly, another three different mixtures of DNA (TC-
C and CC-C; TC-5mC and CC-5mC; TC-5hmC and CC-5hmC)
were separately treated with eA3A-9 followed by LC-MS/MS
analysis. The results demonstrated that both dC and 5mC
were undetectable after eA3A-9 treatment, whereas there is no
obvious change of the signal intensity of 5hmC after eA3A-9
treatment (Fig. 4B). In addition, other canonical nucleosides
of dA, dG and dT were not affected by either eA3A-5 or eA3A-9
treatment (ESI Fig. S12f). The LC-MS/MS results demon-
strated that eA3A-5 could efficiently deaminate C/5mC but
couldn't deaminate 5hmC in GC and AC sites, while eA3A-9
totally deaminated C/5mC but showed no deamination
activity toward 5hmC in TC and CC sites.

We further treated these oligonucleotide mixtures with
different concentrations of eA3A-5 or eA3A-9. The results
revealed that the deamination rates of C and 5mC in GC and AC
sites continuously increased and eventually reached up to
almost 100% with the concentration of eA3A-5 being 1 pM,
while 5hmC showed no obvious deamination with the increased
concentration of eA3A-5 (Fig. 5A). Similarly, the deamination
rates of C and 5mC in TC and CC sites gradually increased and
eventually reached up to almost 100% with the concentration of
eA3A-9 being 1 pM, but 5hmC still remained almost intact
without deamination (Fig. 5B). On the other hand, it can be
observed that wtA3A deaminates all the C, 5mC and 5hmC
without selectivity, even though the deamination activity of
wtA3A was weaker toward 5ShmC (Fig. 5C and D). These LC-MS/
MS results are in line with the Sanger sequencing results (ESI
Fig. S37).
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Fig. 4 Extracted-ion chromatograms of dC, 5mC and 5hmC from eA3A-5 or eA3A-9 treated DNA by LC-MS/MS analysis. Three different
mixtures of DNA (GC-C and AC-C; GC-5mC and AC-5mC; GC-5hmC and AC-5hmC) were separately treated with eA3A-5. Another three
different mixtures of DNA (TC-C and CC-C; TC-5mC and CC-5mC; TC-5hmC and CC-5hmC) were separately treated with eA3A-9. (A)
Extracted-ion chromatograms of dC (from the GC-C and AC-C mixture), 5mC (from the GC-5mC and AC-5mC mixture) and 5hmC (from the
GC-5hmC and AC-5hmC mixture) without or with eA3A-5 treatment. (B) Extracted-ion chromatograms of dC (from the TC-C and CC-C
mixture), 5mC (from the TC-5mC and CC-5mC mixture) and 5hmC (from the TC-5hmC and CC-5hmC mixture) without or with eA3A-9

treatment.
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Fig. 5 Evaluation of the deaminase activity of eA3A-5, eA3A-9 and wtA3A toward C, 5mC and 5hmC in different sequence contexts by LC-MS/
MS analysis. Three different mixtures of DNA (GC-C and AC-C; GC-5mC and AC-5mC; GC-5hmC and AC-5hmC) were separately treated with
different concentrations of eA3A-5 or wtA3A followed by LC-MS/MS analysis. Another three different mixtures of DNA (TC-C and CC-C; TC-
5mC and CC-5mC; TC-5hmC and CC-5hmC) were separately treated with different concentrations of eA3A-9 or wtA3A followed by LC-MS/MS
analysis. (A) The deamination rate of C, 5mC, and 5hmC in GC and AC sites using different concentrations of eA3A-5. (B) The deamination rate of
C, 5mC, and 5hmC in TC and CC sites using different concentrations of eA3A-9. (C) The deamination rate of C, 5mC, and 5hmC in GC and AC
sites using different concentrations of wtA3A. (D) The deamination rate of C, 5mC, and 5hmC in TC and CC sites using different concentrations of
WtA3A.

We next employed colony sequencing to quantitatively eval-  (Fig. 6A). The results suggested that all the C and 5mC in GC
uate the 5hmC level by the EDM-seq method. There 224-bp and AC sites were fully deaminated and read as T, while 5hmC
dsDNA (DNA-C, DNA-5mC, and DNA-5hmC) were treated with in GC and AC sites were resistant to deamination and read as C
eA3A-5, eA3A-9, or wtA3A followed by colony sequencing after eA3A-5 treatment (Fig. 6B and ESI Fig. S137). Likewise,
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Fig. 6 Evaluation of the deaminase activity of eA3A-5, eA3A-9 and wtA3A toward C, 5mC and 5hmC in different sequence contexts by colony
sequencing. (A) The 224-bp DNA-C, DNA-5mC and DNA-5hmC were first denatured to ssDNA and then separately treated with eA3A-5, eA3A-9,
or wtA3A followed by colony sequencing. Fifty clones for each sample were randomly picked up and sequenced. (B) After eA3A-5 treatment, C
and 5mC in GC and AC sites were all deaminated and read as T, while all the 5hmC in GC and AC sites was resistant to deamination and read as C.
(C) After eA3A-9 treatment, C and 5mC in TC and CC sites were all read as T, while all the 5hmC in TC and CC sites was resistant to deamination
and read as C. (D) After wtA3A treatment, C and 5mC in GC and AC sites were all deaminated and read as T, while 5hmC in GC and AC sites was
partially deaminated and partially read as C and partially read as T. (E) After wtA3A treatment, C, 5mC and 5hmC in TC and CC sites were all
deaminated and read as T.
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after eA3A-9 treatment, all the C and 5mC in TC and CC sites
were fully deaminated and read as T, while 5hmC in TC and CC
sites were resistant to deamination and read as C (Fig. 6C and
ESI Fig. S14+). However, wtA3A couldn't achieve the differential
deamination between C/5mC and 5hmC (Fig. 6D and E, ESI
Fig. S15 and S16%). The colony sequencing results are also
consistent with the LC-MS/MS analysis (Fig. 5 and 6). Taken
together, the combined use of eA3A-5 and eA3A-9 could achieve
the quantitative detection of 5hmC in all the different cytosine
sites, including GC, AC, TC and CC sites.

We next further evaluated the quantitative capability of the
EDM-seq method in measuring the stoichiometry of 5hmC at
given sites in DNA. In this respect, DNA-C and DNA-5hmC were
mixed at different ratios with DNA-5hmC ranging from 0% to
100%. The prepared mixtures were subjected to EDM-seq with
Sanger sequencing. The results showed that the measured
percentages of C/(C + T) at given sites increased linearly with the
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increased ratios of 5hmC in the mixture of DNA-C and DNA-
5hmC (ESI Fig. S171), suggesting that the EDM-seq method is
capable of site-specific and quantitative measurement of 5hmC
with different stoichiometries. EDM-seq with Sanger
sequencing could offer the site-specific quantification of 5hmC
with a stoichiometry as low as 10%. Since the engineered A3A
proteins could fully deaminate C and 5mC but show no deam-
ination activity toward 5ShmC, accurate quantification of 5hmC
with lower modification stoichiometry at given sites could be
achieved by the EDM-seq method while being coupled with
high-throughput sequencing or colony sequencing.

In the previous AMD-seq method, B-GT is used to selectively
add a glucosyl group to 5hmC to form 5gmC, thus obtaining the
resistance to wtA3A deamination. Compared to AMD-seq, EDM-
seq is simpler and more straightforward without the need of
glycosylation of 5ShmC by B-GT. Chemical treatment or chemical
labelling strategies have been employed to map 5hmC, such as
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Fig. 7 Quantitative and site-specific detection of 5hmC in genomic DNA of lung cancer tissue and adjacent normal tissue by EDM-seq and

AMD-seq. (A) 5hmC at chr5:14180809 (CRCh37, GC site),

chr3:29918016 (CRCh37, AC site),

chr4:169198493 (CRCh37, TC site) and

chrl:68672111 (CRCh37, CC site) in genomic DNA of normal tissue was determined by EDM-seq and AMD-seq methods. (B) 5hmC at
chr5:14180809 (CRCh37, GC site), chr3:29918016 (CRCh37, AC site), chr4:169198493 (CRCh37, TC site) and chr1:68672111 (CRCh37, CC site) in
genomic DNA of lung cancer tissue was determined by EDM-seq and AMD-seq methods. (C) Quantitative 5hmC level in different sites in
genomic DNA of normal tissue by EDM-seq and AMD-seq methods though colony sequencing.
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TET assisted pyridine borane sequencing (TAPSB) assay.*
However, these methods require relatively harsh reaction
conditions. In addition, the selectivity of chemical reactions
may not be sufficient, which would affect the subsequent
mapping analysis. On the contrary, the EDM-seq method is not
involved in chemical reactions or labelling, thus allowing the
whole procedure to be carried out under mild conditions, and
DNA is not prone to degradation. Collectively, the EDM-seq
proves to be a straightforward and easy to handle method in
quantitative and site-specific detection of 5hmC.

Detection of 5hmC in genomic DNA of lung cancer tissue

It has been reported that 5hmC is dysregulated in a wide variety
of cancers.’®* Specifically, the global reduction of the 5ShmC
level in genomic DNA is considered to be a hallmark of
cancers.”” Here, we employed the EDM-seq method to examine
individual 5hmcC sites in lung cancer tissue as well as in adja-
cent normal tissue.

In the development of the EDM-seq method, two engineered
A3A proteins (eA3A-5 and eA3A-9) were screened and employed
for mapping 5hmC in different sequence contexts since the
neighbouring 5’ nucleobase of cytosine (5'XC3’) could affect the
deamination activity of eA3A. We then further applied this
EDM-seq method to analyse and quantify 5ShmC in genomic
DNA. Similar to the method development, different neigh-
bouring 5’ nucleobases of cytosine in genomic DNA (GC, AC,
TC, and CC sites) were selected to demonstrate the applicability
of the EDM-seq method. Four cytosine sites that have been
previously identified to be hydroxylmethylated were selected for
the examination (ESI Table S371).>* These four sites are sepa-
rately located in the GC, AC, TC, and CC sites (ESI Table S37).
The isolated genomic DNA was fragmented and then directly
treated with eA3A-5 (for examining GC and AC sites) or eA3A-9
(for examining TC and CC sites). The subsequent Sanger
sequencing showed that all these four sites were partially read
as C and partially read as T in normal tissue (Fig. 7A and ESI
Fig. S187), indicating that all these four sites are partially
hydroxymethylated. However, all these four sites were read as T
in lung cancer tissue (Fig. 7B and ESI Fig. S187), suggesting that
there is no detectable 5hmC in these sites in lung cancer tissue.
Consistent with a previous study, the results demonstrated that
the 5hmC level was significantly decreased in lung cancer tissue
compared to that in normal tissue.

In addition, we utilized the previous AMD-seq method to
examine 5hmcC in these four sites. It can be seen that the similar
sequencing results were obtained by both EDM-seq and AMD-
seq methods (Fig. 7A and B and ESI Fig. S181). Moreover, the
quantitative results from colony sequencing by EDM-seq
showed that 5hmC levels at these four sites in genomic DNA
of normal tissue were 32%, 58%, 26%, and 46%, respectively
(Fig. 7C). Similarly, the quantitative results from colony
sequencing by AMD-seq revealed that 5ShmC levels at these four
sites were 32%, 54%, 22%, and 44%, respectively (Fig. 7C). It's
clear that the results obtained by both EDM-seq and AMD-seq
are highly consistent (Fig. 7 and ESI Fig. S187). Collectively,
the results demonstrated that the EDM-seq method is capable
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of the quantitative detection of 5hmC at single-nucleotide
resolution. This approach, when coupled with high
throughput sequencing, can enable the quantitative and
genome-wide mapping of 5hmC at single-nucleotide resolution
in future studies. In the EDM-seq method, two eA3A proteins
are needed to achieve the mapping analysis of 5hmC in
different sequence contexts. It can be envisaged that a single
engineered A3A protein can meet the differential deamination
toward C/5mC and 5hmC with further evolution of the A3A
protein in future studies.

Conclusions

In summary, we proposed an EDM-seq method for the quanti-
tative detection of 5hmC in DNA at single-nucleotide resolution.
We generated a series of engineered A3A proteins. The deami-
nation activities of these engineered A3A proteins toward C,
5mC and 5hmC were evaluated by using Sanger sequencing,
colony sequencing and LC-MS/MS analysis. We found that
€A3A-5 could fully deaminate C and 5mC but showed no
deamination activity toward 5hmC in GC and AC sites, while
eA3A-9 showed an adequate deamination activity toward C and
5mC but couldn't deaminate 5hmC in TC and CC sites. Grati-
fyingly, the combined use of eA3A-5 and eA3A-9 enabled the
quantitative and site-specific detection of 5hmC in DNA within
various sequence contexts. By the EDM-seq method, we ach-
ieved the quantitative analysis of individual 5hmC sites in
genomic DNA of lung cancer tissue and adjacent normal tissue.
Compared to previous 5hmC mapping methods, the EDM-seq
method is bisulfite-free, chemical labelling-free, and does not
require DNA glycosylation or chemical treatment. Taken
together, the EDM-seq method offers a valuable tool for the
straightforward, quantitative and accurate detection of 5hmC in
DNA at single-nucleotide resolution.
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