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ABSTRACT: S-Methylcytosine (SmC) in DNA can be
oxidized stepwise to S-hydroxymethylcytosine (ShmC), 5-
formylcytosine (SfC), and S-carboxylcytosine (ScaC) by
the TET family proteins. Thymine DNA glycosylase can
further remove SfC and ScaC, connecting SmC oxidation
with active DNA demethylation. Here, we present a
chemical modification-assisted bisulfite sequencing (CAB-
Seq) that can detect ScaC with single-base resolution in
DNA. We optimized 1-ethyl-3-[3-dimethylaminopropyl]-
carbodiimide hydrochloride (EDC)-catalyzed amide bond
formation between the carboxyl group of ScaC and a
primary amine group. We found that the modified ScaC
can survive the bisulfite treatment without deamination.
Therefore, this chemical labeling coupled with bisulfite
treatment provides a base-resolution detection and
sequencing method for 5caC.

5-Methylcytosine (SmC), the fifth base in the mammalian
genome encoding critical epigenetic information, significantly
impacts cellular biological functions and human diseases.'
While the mechanism of cytosine methylation has been well
studied, active demethylation pathways have remained elusive.
Recent studies have reported the accumulation of S-
hydroxymethzlcytosine (ShmC) in certain mammalian cells
and tissues,”* and the ten-eleven translocation (TET) family of
enzymes that can oxidize SmC stepwise to 5-hydroxymethylcy-
tosine (ShmC),* 5-formylcytosine (SfC), and finally 5-
carboxylcytosine (5caC).*”” The oxidation products SfC and
5caC can be recognized and excised by mammalian DNA
glycosylase (TDG) which generates an abasic site that can be
further transformed to normal cytosine through base excision
repair (BER), completing an active demethylation process.”””

Quantification of these cytosine modifications in mouse
embryonic stem (ES) cells showed decreased abundances from
ShmC to 5fC and further to ScaC, which are roughly 1300, 20,
and § ppm per cytosine, respectively.>®'>"" The importance
and the limited abundance of ShmC and its further oxidized
derivatives present challenges for effective methods to
selectively label and sequence these modifications in genomic
DNA."'"'* The developments of labeling and profiling
technologies for ShmC have significantly contributed to the
study of ShmC."""*">~"7 Patterns of ShmC distribution unique
from those of SmC were revealed.">'® To further understand
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SmC and the subsequent active demethylation, methods to
profile and/or sequence SfC and ScaC are required. Recently,
we have developed selective chemical labeling and profiling
methods for SfC, indicating its function in TDG-mediated
demethylation at gene regulatory elements.'” Similar con-
clusions were also obtained using an antibody-based
approach.”® Under typical bisulfite conditions, both SfC and
5caC are deaminated and read as T, making them
indistinguishable from unmodified cytosine. We showed that
the labeling of SfC by hydroxylamine protects it from bisulfite-
mediated deamination, thereby allowing detection and
sequencing of SfC with base resolution.'” We present here a
chemical modification-assisted bisulfite sequencing method that
allows base-resolution detection of ScaC in DNA.

We chose the 1-ethyl-3-[3-dimethylaminopropyl]-
carbodiimide hydrochloride (EDC)-catalyzed amide bond
formation between carboxyl group and primary amine group
as our chemical selective labeling method. The EDC-based
coupling reaction has been well developed and widely
used.”' = The reaction can be performed in aqueous solution
under relatively mild conditions around neutral pH which
prevents DNA degradation. The carboxylic acid group can react
with EDC to form an o-acylisourea ester intermediate that can
then be attacked by a primary amine (Scheme 1). Since the 3’
and 5’ terminal phosphate groups can be easily removed
through treatment with phosphatase, the carboxyl group of
S5caC will be the most reactive functional group with EDC.
After the coupling reaction, a biotin-modified amine may be
installed onto the ScaC-containing DNA (Scheme 1). Then,
the streptavidin coated beads can be employed to capture the
5caC-containing fragments for subsequent enrichment. The
designed disulfide bond between amine group and biotin can be
smoothly cleaved by DTT treatment (see Figure S1). As a
result, the ScaC-containing DNA may be pulled down,
enriched, and subjected to high-throughput sequencing. The
key to this strategy is to optimize the labeling efficiency and
selectivity.

We started by screening reactions on the short double-
stranded ScaC-containing oligonucleotides and monitoring the
reaction by mass spectrometry, quantifying the yield by HPLC
(Table 1). To our delight, ethylamine can react with ScaC
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Scheme 1. EDC-Catalyzed Chemical Labeling of ScaC”
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“Designed labeling strategy for ScaC. The carboxyl group of 5caC in
duplex DNA can be labeled by EDC-catalyzed coupling reaction to
form biotin-S-S-5caC using biotin-S-S-amine.

Table 1. EDC-mediated ScaC coupling with different
amines.”
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“General reaction conditions: double stranded ScaC containing DNA
(10 umol), NHS (20 mM), EDC (2 mM), Mes (pH = 5.0, 75 mM)
were incubated in aqueous solution at 37 °C for 0.5 h. Buffer exchange
to sodium phosphate (pH = 7.5, 100 mM), NaCl (150 mM), amine
(10 mM), incubated at 37 °C for 1.0 h. “Reaction yield based on
HPLC analysis (see Figure SS). “Undetectable product by mass
spectrometry. (see Figure S6).

DNA with moderate labeling efficiency (1a in Table 1). This
approach also showed high selectivity to 5caC among other
cytosine modifications such as ShmC and SfC (see Figure S2).
The side reaction between the DNA phosphate backbone and
ethylamine is undetectable on mass spectrometry. A two-step
EDC coupling strategy, which generates the N-hydroxysucci-
nimide (NHS) ester intermediate at pH = 5.0 and then
formation of the amide bond at pH = 7.5, showed higher
reactivity than the direct coupling at pH = 6.0. Unfortunately,
when the biotin-PEG2-amine was employed under the
optimized reaction conditions, the coupling reaction failed as
a result of the increase in steric hindrance (1b in Table 1).
Subsequently, a series of primary amines were tested in order to
optimize labeling efficiency. As expected, the bulky amines
greatly inhibited the labeling reaction (1c—1e in Table 1).
Further screening revealed that the xylene group significantly
facilitates this transformation on DNA. The xylenediamine
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showed high reaction activity comparable to ethylamine (1f in
Table 1). Notably, the benzylamine only gave trace amounts of
coupling product (1e in Table 1). Subsequently, we synthesized
(4-aminomethyl)benzylazide which possesses the xylene
structure but also contains an azide group for the well-
developed bio-orthogonal coupling of the biotin tag.**** As
expected, the (4-aminomethyl)benzylazide showed as good
reactivity as xylenediamine (1g in Table 1). We show that the
azide group can be coupled with a strained cyclooctyne bearing
a disulfide linker to a biotin.>**” After a simple DTT treatment,
the disulfide bond can be selectively cleaved with high
efficiency. The high reaction activity and selectivity during
each step were monitored by mass spectrometry (see Figure
S3). The biotin-labeled 5caC nucleoside was further confirmed
with high resolution mass spectrometry after DNA digestion
(see Figure S4). This chemical labeling step has no noticeable
sequence bias.

With this efficient labeling method in hand, we tested if the
protection of the carboxyl group could prevent deamination of
5caC under typical bisulfite treatment. It has been shown that
under typical bisulfite conditions 5caC will be deaminated and
read as T after subsequent PCR amplification and sequencing.”
This mechanism likely goes through a process of decarbox-
ylation followed by deamination (Scheme 2a).*® Protection of

Scheme 2. Proposed Deamination Mechanism of 5caC
under Bisulfite Treatment
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the carboxyl group as an amide bond could block the
decarboxylation step and significantly slow down the bisulfite-
mediated deamination (Scheme 2b). To probe this mechanism,
we performed preliminary studies on ScaC single nucleoside
monitored by HPLC. We found that after bisulfite treatment,
ScaC forms the same bisulfite adduct intermediate as normal
cytosine, which will convert to the uridine bisulfite adduct,
supporting decarboxylation as a potentially critical step (see
Figure S7). To further confirm this observation, we labeled a
synthetic 76mer ScaC-containing DNA with (4-aminomethyl)-
benzylazide and applied the labeled DNA to bisulfite treatment.
The labeled DNA did not block DNA polymerase and can be
successfully amplified with PCR under common conditions. No
PCR amplification bias was detected after the EDC-mediated
labeling of ScaC (Figure S8). After Sanger sequencing, the
ScaC sites were mainly read as cytosine (C) instead of thymine
(T) while the unlabeled ScaCs were still read as T (Figure 1).
Thus, the S5caC can be “protected” from bisulfite-based
deamination after the EDC-mediated labeling reaction. The
different behaviors of ScaC before and after EDC labeling in
bisulfite sequencing provide the single-base resolution detection
of 5caC in DNA. In real biological applications, combined with
high-throughput sequencing technology or colony picking, the
modified cytosine can be detected at very low abundance
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Figure 1. Sanger sequencing results of unlabeled 76 mer ScaC (upper
panel) and EDC-labeled ScaC (bottom panel) after bisulfite treatment.
The original sequence and the sequence after bisulfite were shown
above the corresponding peak. In the bottom panel, the labeled DNA
was not further purified before bisulfite treatment. The small
background peak of T comes from unlabeled cytosine, which reflects
the labeling efficiency.

through modified bisulfite sequencing as we have demonstrated
recently.ls’19 Together with enrichment-based approach,20 this
chemical method has potential to gain base-resolution
information of 5caC genome-wide.

In summary, we show here an efficient chemical selective
labeling of 5caC in DNA catalyzed by EDC using xylene-based
primary amine. The xylene structure is critical for highly
efficient labeling. Importantly, we showed that the chemically
labeled ScaC could survive from bisulfite-mediated deamination
and be differentiated at single-base resolution using this new
version of CAB-Seq specific for ScaC. This effective method,
communicated here, can help the broad community interested
in ScaC biology to detect this modified base in various
biological samples.
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