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Enzymatic approaches for profiling cytosine
methylation and hydroxymethylation
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ABSTRACT

Background: In mammals, modifications to cytosine bases, particularly in cytosine-guanine (CpG) dinucleotide contexts, play a major role in
shaping the epigenome. The canonical epigenetic mark is 5-methylcytosine (5mC), but oxidized versions of 5mC, including 5-
hydroxymethylcytosine (5hmC), are now known to be important players in epigenomic dynamics. Understanding the functional role of these
modifications in gene regulation, normal development, and pathological conditions requires the ability to localize these modifications in genomic
DNA. The classical approach for sequencing cytosine modifications has involved differential deamination via the chemical sodium bisulfite;
however, bisulfite is destructive, limiting its utility in important biological or clinical settings where detection of low frequency populations is
critical. Additionally, bisulfite fails to resolve 5mC from 5hmC.
Scope of review: To summarize how enzymatic rather than chemical approaches can be leveraged to localize and resolve different cytosine
modifications in a non-destructive manner.
Major conclusions: Nature offers a suite of enzymes with biological roles in cytosine modification in organisms spanning from bacteriophages
to mammals. These enzymatic activities include methylation by DNA methyltransferases, oxidation of 5mC by TET family enzymes, hyper-
modification of 5hmC by glucosyltransferases, and the generation of transition mutations from cytosine to uracil by DNA deaminases. Here, we
describe how insights into the natural reactivities of these DNA-modifying enzymes can be leveraged to convert them into powerful biotech-
nological tools. Application of these enzymes in sequencing can be accomplished by relying on their natural activity, exploiting their ability to
discriminate between cytosine modification states, reacting them with functionalized substrate analogs to introduce chemical handles, or en-
gineering the DNA-modifying enzymes to take on new reactivities. We describe how these enzymatic reactions have been combined and
permuted to localize DNA modifications with high specificity and without the destructive limitations posed by chemical methods for epigenetic
sequencing.
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1. INTRODUCTION d MODIFIED CYTOSINE BASES

The four chemically distinct bases of DNAdA, C, G, and Tdare
conserved across phylogeny and constitute the genomic code that can
be inherited by future generations. Early in the 20th century, Wheeler
and Johnson first synthesized 5-methylcytosine (5mC) and postulated
its existence in genomic DNA samples [1]. Presciently called “epi-
cytosine” in studies by Hotchkiss, 5mC was shown to have a distinct
chemical identity from its parent base while simultaneously main-
taining many of its properties [2].
Several decades later, the ubiquity of 5mC became evident, solidifying
its standing as the 5th base of genomic DNA. In organisms from pro-
karyotes to eukaryotes, a conserved family of DNA methyltransferase
enzymes (MTases) has been shown to catalyze the generation of 5mC
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through a reaction between the unmodified cytosine in DNA and the
methyl donor S-adenosyl-L-methionine (SAM). 5mC preserves the ca-
pacity for hydrogen bonding with guanine, which is required for suc-
cessful DNA replication. However, the methyl moiety introduced at the 5-
position of cytosine provides a readable chemical handle with the po-
tential to affect DNA-binding proteins and enzymes that often interact
within the major groove of DNA, thus implicating 5mC across many
diverse processes. In bacterial species, this chemical mark can serve to
distinguish self from non-self as part of restrictionemodification sys-
tems [3]. In eukaryotes, 5mC takes on new functions, serving pre-
dominantly as a gene-repressive epigenetic mark with physiological
roles in development, imprinting, X-chromosome inactivation, and
transposon silencing, as well as pathological roles in oncogenesis [4]. In
5mC, nature has found an opportunity to embellish DNA, thus expanding
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its information-encoding capacity within each generation without
affecting DNA’s most important function of facilitating inheritance of
information across generations [5].
While early approaches such as paper chromatography and restriction
digestion provided means for distinguishing 5mC from its parent base
[2,6], it was the subsequent application of the chemical sodium bisulfite
(NaHSO3) that allowed for the study of methylated cytosines at base
resolution (Figure 1). The treatment of genomic DNA with bisulfite under
acidic conditions leads to the sulfonation of unmodified cytosines, which
promotes their deamination to uracil [7]. By contrast, 5mC does not react
efficiently with bisulfite. Following amplification, the unmodified cyto-
sines are read as thymidine in sequencing, while 5mC is still read as
cytosine in a quantitative manner at single-base resolution.
The last decade has expanded our understanding of the importance of
modified cytosines in epigenetics yet further [4,5]. The discovery of the
TET family of enzymes [8] demonstrated that 5mC could be oxidized as
part of a pathway that promotes the reversion of 5mC back to un-
modified cytosine, a pathway known as active DNA demethylation. TET
dioxygenases catalyze the stepwise conversion of 5mC to 5-
hydroxymethylcytosine (5hmC), 5hmC to 5-formylcytosine (5fC), and
5fC to 5-carboxylcytosine (5caC) (Figure 1) [9,10]. 5hmC is the most
prevalent of these modifications, with a presence as high as 10e30%
of the level of 5mC in certain contexts such as cerebellar Purkinje cells
[11]. Importantly, the field’s reliance on bisulfite explains in part why
5hmC was so long overlooked (Figure 1). Unlike 5mC, 5hmC reacts
with bisulfite, generating cytosine-5-methylenesulfonate (CMS).
However, as CMS base-pairs with G upon amplification, the initial
5hmC base is indistinguishable from 5mC upon sequencing [12].
Despite its centrality to major advances in epigenetics, bisulfite
sequencing (BS-Seq) poses at least two major limitations (Figure 1)
that have prompted the development of a series of novel sequencing
approaches. First, the fact that 5mC and 5hmC are indistinguishable in
standard bisulfite sequencing poses a major challenge, as these two
most common cytosine modifications appear to have distinct and often
antagonistic biological functions. Notably, despite their low prevalence,
5fC and 5caC pose another source of confoundment with bisulfite, as
these bases are deaminated in a manner akin to unmodified cytosine
[13]. As a second limitation, bisulfite is inherently destructive. Sulfo-
nation of cytosine bases results in unstable intermediates prone to the
formation of abasic sites, which can occur at a frequency greater than
1 in every 200 bases after bisulfite conversion [14]. These lesions
promote strand scission and can block amplification of DNA, limiting
bisulfite’s applicability in sparse samples. Despite these limitations,
Figure 1: Bisulfite sequencing and its limitations. Bisulfite selectively deaminates va
sequencing. Problematically, sodium bisulfite is both destructive and unable to distinguish b
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bisulfite-based approaches applied to circulating cellefree DNA have
been explored for early cancer detection, highlighting a promise that
could be fulfilled by more sensitive and specific techniques [15,16]. As
modern epigenetics now aims to develop more robust workflows that
can address the central question of how one cell differs from the next,
the limitations posed by bisulfite have prompted a renaissance in the
sequencing of epigenetic marks, with dedicated efforts aimed at
developing alternatives that are less destructive and/or able to
distinguish between 5mC and other modifications.
In this review, we highlight recent advances in cytosine-sequencing
technologies, emphasizing the utility of either natural or engineered
cytosine-modifying enzymes as tools for sequencing. Enzymes have
advantages because of their specificity and non-destructive nature,
which make them best poised to serve as powerful biotechnological
tools in either enrichment-based approaches or more quantitative
base-resolution approaches. Notably, while this review focuses on 5-
positionemodified cytosines, the most prevalent modifications in
eukaryotic genomes, approaches to sequencing modified DNA bases
more broadly have recently been reviewed [17]. PCR-free methods to
directly read DNA modifications, such as those employed in third-
generation sequencing technologies, will not be reviewed here
[18,19]. Our review aims to introduce several cytosine-modifying en-
zymes in series, highlighting how permutations of natural or engi-
neered versions of four enzymatic reactions on cytosine bases in
DNAdglucosylation, oxidation, deamination, and methylationdhave
been recently leveraged as a means of distinguishing cytosine’s many
modification states.

2. GLUCOSYLTRANSFERASES

Many phage genomes encode hypermodified DNA bases that pre-
dominantly serve as a strategy to evade bacterial immune systems
[20], with the T4 phage that infects Escherichia coli being a well-
characterized model system. Upon infecting the bacteria, the phage
first alters the deoxynucleotide triphosphate (dNTP) pool to contain 5-
hydroxymethyl-dCTP in lieu of unmodified dCTP, resulting in the
generation of phage genomes exclusively containing 5hmC. These
5hmC bases are then further glucosylated by phage-encoded a- and
b-glucosyltransferases that use uridine diphosphate glucose (UDP-
glucose) to make either the a- or b-anomer of glucosyl-5hmC (5ghmC)
(Figure 2A).
Two types of approaches leveraging the phage-derived T4 b-gluco-
syltransferase (bGT) have been developed, which permit either
rious cytosines, which can aid in localizing modifications upon PCR amplification and
etween the two most common modifications in mammalian genomes, 5mC and 5hmC.
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Figure 2: bGT activity and applications in sequencing. A) Canonical bGT reaction. bGT catalyzes the transfer of glucose from UDP-glucose to the hydroxymethyl group of
5hmC, generating 5ghmC. The dotted orange circle highlights a position on glucose that can be derivatized to transfer chemical groups of interest, such as azides. B) Various
applications of the bGT enzyme in sequencing workflows.
enrichment-based or near baseeresolution detection of 5hmC in
genomic samples (Figure 2B). Notably, enrichment-based methods
reveal the relative frequency of a modification in a particular genomic
location compared to other parts of the genome, but not its absolute
abundance. hmC-Seal was the first enzymatic enrichment-based
approach for studying 5hmC [21]. In this approach, the native T4-
bGT is used, but with an unnatural substrateda chemically-modified
UDP-glucose derivative containing an azide functional group (UDP-6-
azide-glucose)dthat site-specifically labels all 5hmC bases with the
azido-modified glucose. The azido group can then be conjugated to a
biotin-containing alkyne using copper-free click chemistry. The ca-
nonical biotin-streptavidin interaction is then exploited to enrich for
molecules containing 5hmC bases in a manner analogous to an
antibody pulldown experiment. These molecules can then be PCR
amplified. Subsequent optimizations of this method have obtained
information from as few as 1000 cells and have been explored as
cancer diagnostic when applied to cell-free circulating DNA [22e25].
A recent derivative technique named Jump-Seq also starts by utilizing
T4-bGT to label 5hmC with an azido-modified glucose [26]. However,
rather than biotin, the subsequent click chemistry tags the 5hmC-
containing DNA with a hairpin oligonucleotide. This hairpin can then
prime polymerase extension and, due to the covalent tether, the
extended DNA can “jump” onto a 5hmC landing site. The technique
can be used to infer near baseeresolution information of 5hmC in a
cost-effective manner, although it remains unclear how the technique
handles multiple modifications in cis. A similar approach called
hmTOP-Seq makes use of a tethered oligonucleotide as the template
for primed extension and 5hmC localization [27].

3. TET DIOXYGENASES

The discovery that bisulfite is unable to distinguish between 5mC and
5hmC motivated efforts to detect these two bases separately with
chemical or enzymatic approaches. For chemical approaches, these
efforts have relied upon the fact that 5fC and 5caC are both generally
susceptible to bisulfite-mediated deamination, although it is important
to note that the efficiency of 5fC deamination is not as high as that of
unmodified cytosine [13]. One such chemical approach, oxidative
bisulfite sequencing (oxBS-Seq), utilizes potassium perruthenate
(KRuO4) to selectively oxidize 5hmC to 5fC [28]. Subsequent bisulfite
treatment leaves only 5mC resistant to deamination, allowing for 5hmC
MOLECULAR METABOLISM 57 (2022) 101314 � 2021 The Author(s). Published by Elsevier GmbH. This is an open
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to be calculated through bioinformatic subtraction between BS-only
(5mC þ 5hmC as C) and KRuO4 þ BS experiments (5mC as C).
In their native role, TET enzymes catalyze the Fe(II)- and a-ketoglu-
tarateedependent oxidation of 5mC to 5hmC, 5hmC to 5fC, and 5fC to
5caC (Figure 3A). These reactivities have been leveraged in a variety of
ways to localize modified cytosine bases (Figure 3B). One early
approach used a combination of enzymatic approaches with bisulfite to
detect 5hmC. In TET-Assisted Bisulfite Sequencing (TAB-Seq) [29], the
activities of TET on 5mC and 5hmC are uncoupled from one another by
first quantitatively converting all 5hmC to 5ghmC with UDP-glucose
and T4-bGT. These 5ghmC bases are thus protected from TET-
mediated oxidation, while 5mC bases are oxidized to 5fC or 5caC.
Subsequent bisulfite treatment renders only the original 5hmC bases
resistant to deamination. While a single TAB-Seq experiment allows
the user to sequence 5hmC as C, comparison with a parallel standard
bisulfite sequencing experiment (5mCþ 5hmC) lets the user infer 5mC
by bioinformatic subtraction. While this approach is convenient, indi-
rect subtraction-based methods increase error, akin to 5hmC detection
with oxBS-Seq, and cannot be applied in single cells given the need to
process through two independent sequencing pipelines. An added
limitation of TET-dependent sequencing approaches is the efficiency of
TET enzymes themselves. TET enzymes are required to efficiently
convert 5mC to 5caC in these sequencing pipelines, but the enzymes
themselves are also prone to self-inactivation given their highly
reactive Fe(IV)-oxo intermediates [9] and that the efficiency of oxidation
decreases with conversion of 5mC to 5hmC or 5hmC to 5fC [30].
TET enzymes have also been recently applied in concert with none
bisulfite-mediated chemical schemes for localizing modifications [31].
TET-assisted pyridine borane sequencing (TAPS) starts with TET-
catalyzed oxidation of 5mC to 5fC or 5caC. When the genomic DNA
is subsequently treated with pyridine borane, 5fC and 5caC are con-
verted to dihydrouracil, a non-aromatic uracil analog which sequences
as T. The net result is a direct strategy for sequencing 5mC and 5hmC
as T while leaving unmodified C intact. This unique reactivity profile
yields both advantages and disadvantages: while efficient alignment
and primer design benefit from the predominantly preserved four-base
genome (in contrast to the three-base, C-depleted genomes made by
bisulfite), it can be difficult to strand-specifically map individual reads,
especially when modification prevalence is sparse. A similar borane
reduction strategy has also been combined with either T4-bGT
(TAPSb) or potassium ruthenate (CAPS) to sequence 5mC and 5hmC
access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/). 3
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Figure 3: TET activity and applications in sequencing. A) Canonical TET reaction. TET enzymes iteratively oxidize 5mC to produce the oxidized methylcytosines 5hmC, 5fC, and
5caC. B) Various applications of TET enzymes in sequencing workflows, with traditional bisulfite sequencing and oxBS-Seq for comparison on the top rows.
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individually, with varying degrees of efficiency [32]. Notably, borane-
mediated conversion requires lengthy incubation under acidic condi-
tions but functions by a mechanism that is less destructive than
bisulfite deamination, which is inherently dependent on unstable sul-
fonated intermediates.

4. DNA DEAMINASES

While bisulfite and borane-mediated conversion represent two mecha-
nisms for deaminating cytosines, an enzymatic alternative achieves
similar results. The DNA deaminases of the AID/APOBEC family play
critical functions in adaptive or innate immunity, initiating antibody
maturation and restricting retroviruses replication (Figure 4A) [5,33]. In
their canonical roles, AID/APOBECs use a zinc cofactor to activate water
molecules for nucleophilic attack on cytosines in single-stranded DNA
(ssDNA). Enzymatic deamination by nucleophilic activation thus by-
passes the unstable sulfonated intermediate generated by bisulfite-
based deamination.
A series of findings suggesting that DNA deaminases can discriminate
between different cytosine modification states revealed new possibilities
Figure 4: AID/APOBEC activity and applications in sequencing. A) Canonical AID/APOB
or 5mCs to generate thymines. B) Various applications of the A3A enzyme in sequencing
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for their application to sequencing pipelines (Figure 4B). The initial
detection of activity on 5mC led to conjectures about possible moon-
lighting roles for DNA deaminases in epigenetic reprogramming [34].
Subsequent systematic studies revealed that while activity on unmodi-
fied C and 5mC can be readily detected, deamination activity against
5hmC is significantly impaired [35]. Based on the analysis of a larger
series of natural and unnatural 5-positionemodified cytosines, the
mechanistic basis for discrimination appeared to be selection against
bulky or electronegative substituents [35,36]. This trend was maintained
by APOBEC3A (A3A), the most active AID/APOBEC deaminase [37], and
extends to discrimination against 5fC and 5caC [38]. Crystal structures
have provided a molecular rationale for discrimination against larger 5-
position substrates, with an active site residue (Tyr130) positioned to act
as a hydrophobic gate adjacent to the C5eC6 face of cytosine in the
structure of A3A bound to ssDNA [39].
Grounded in these extensive biochemical and structural studies, A3A
has now been used in various approaches for epigenetic sequencing,
all linked by their common reliance on discrimination against bulky 5-
positionemodified cytosine bases. Sequencing using enzymatic DNA
deamination was pioneered in APOBEC-Coupled Epigenetic
EC reaction. AID/APOBECs, including A3A, deaminate either cytosines to generate uracils
workflows, with traditional bisulfite sequencing for comparison on the top row.
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Figure 5: MTase activity and applications in sequencing. A) Canonical MTase reaction. MTases catalyze the addition of a methyl group (from the methyl donor SAM) to
cytosine. The dotted orange circle highlights the position on SAM that can be derivatized to transfer chemical groups of interest such as azides. B) Various applications of MTase
enzymes in sequencing workflows, with traditional bisulfite sequencing for comparison in the top row of base resolution techniques.
Sequencing (ACE-Seq) [40]. In this strategy, all 5hmCs are first con-
verted to 5ghmC by T4-bGT. The added steric bulk to 5hmC blocks low
level deamination, and the remaining unmodified C and 5mC bases
can be efficiently deaminated by A3A. ACE-Seq represents the first
non-destructive sequencing approach for profiling 5hmC at base
resolution and additionally shows a sensitivity and specificity that
outpaces bisulfite-based approaches.
A3A has also been combined with both TET enzymes and T4-bGT in a
method called Enzymatic Methylation Sequencing (EM-Seq) [41]. In this
approach, genomic DNA is oxidized by TET enzymes in the presence of
T4-bGT. The 5mC and 5hmC are thus converted to a combination of
5caC and 5ghmC. As these modified bases are resistant to A3A-
mediated deamination, subsequent treatment with A3A results in
deamination of only unmodified cytosines, providing a readout akin to
standard bisulfite. Importantly, this method has been extended to long
read platforms, such as PacBio and Nanopore, taking advantage of the
non-destructive nature of enzymatic deamination [42].
Enzymatic deamination has also been combined with bisulfite deam-
ination in a manner that exploits the differential reactivity of 5mC and
5hmC. Bisulfite and APOBEC-Coupled Epigenetic Sequencing (bACE-
Seq) builds on the fact that although 5hmC does not deaminate, the
reaction to form CMS creates a bulky 5-position adduct that makes the
modified base resistant to enzymatic deamination (Figure 1). Additional
benefit comes from the fact that bisulfite can simultaneously fragment
DNA and yield the ssDNA substrate needed for enzymatic deamination
[43,44]. In bACE-Seq, after treatment with bisulfite, the DNA can be
split into two parallel workflows: one to detect 5mC and 5hmC together
(BS-only), and the other to deaminate 5mC by treating it with A3A,
leaving only original 5hmC bases reading as C. Thus, the ability for
DNA deaminases to discriminate between cytosine modifications has
already been exploited to great effect, with a promise of more in-
novations to come.
MOLECULAR METABOLISM 57 (2022) 101314 � 2021 The Author(s). Published by Elsevier GmbH. This is an open
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5. DNA METHYLTRANSFERASES

Cytosine DNA Methyltransferases (MTases) function by a conserved
mechanism to create 5mC from cytosine and the metabolite SAM
(Figure 5A). While cytosine modification occurs predominantly in the
CpG context in mammals, there are cytosine MTases across phylogeny
which can act in a variety of sequence contexts, and enzymatic
sequencing approaches have exploited bacterial, viral, and mammalian
MTases [45] (Figure 5B).
The discovery of bacterial MTases with a preference for the canonical
mammalian CpG site provided an initial tool for use in sequencing.
M.SssI, derived from a Spiroplasma strain MQ1 [46], is one such
CpG-specific MTase. In a strategy termed Methylase-Assisted
Bisulfite Sequencing (MAB-Seq) [47,48], wild-type M.SssI is used
to convert unmodified CpGs in genomic DNA samples into 5mCpGs.
Given that these newly modified CpGs are now protected from
deamination, as are the original 5mC and 5hmC, treatment with
bisulfite then allows for the quantitative base resolution sequencing
of 5fC and 5caC, the two remaining bases susceptible to bisulfite-
mediated deamination.
MTases can also be engineered to accept SAM analogs as substrates.
As first achieved with the M.HhaI MTase, alteration of the active site via
mutagenesis at two conserved polar residues, often a glutamine and
asparagine, to alanine allows for the transfer of larger extended alkyl
chains from modified SAM analogs [45,46]. Mechanistically, while
steric accommodation on the enzyme side is one requirement for
analog transfer, a conjugated pi system in the SAM analog that fa-
cilitates transfer by increasing the electrophilicity of the transferable
moiety serves as a second requirement [49].
This steric engineering strategy has been extended from M.HhaI to
M.SssI to create the enzyme-engineered M.SssI (eM.SssI) [50]. In this
approach, eM.SssI is used to react unmodified CpGs with a SAM
access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/). 5
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analog containing one of two hex-2-ynyl side chains (Ado-6-Amine or
Ado-6-Azide). These derivatized cytosine bases can then be coupled by
amine-NHS or azide-DBCO conjugation chemistries in order to tag the
modified DNA with biotin. Subsequent streptavidin pulldowns then
enrich for fragments of DNA, allowing profiling of the “unmethylome”.
eM.SssI has also been applied in TOP-Seq [51], an earlier iteration of
the previously described hmTOP-Seq. In this approach, an oligonu-
cleotide hairpin is appended to unmethylated cytosine instead of 5-
hydroxymethylcytosine using a chemical handle introduced via
eM.SssI and a SAM analog. Polymerase extension yields fragments
enriched for the unmethylated cytosine.
eM.SssI has also been applied to other non-canonical MTase reactions.
In the absence of SAM, some MTases have been used to derivatize
5hmC with alkylthio moieties that can be further enriched [52]. It has
also been previously shown that MTases can promote the removal of
certain 5-position modifications in vitro and in the absence of SAM
[53]. In a recently developed method known as caCLEAR, WT M.SssI is
first employed to methylate all unmodified CpGs, and 5hmC bases are
protected by T4-bGT (reactions not shown for clarity) [54]. Then,
subsequent decarboxylation with eM.SssI in the absence of SAM
“clears” 5caC residues by converting them to unmodified CpGs.
Finally, eM.SssI is used to install Ado-6-Azide on all of the original
5caC residues, leaving the original unmodified cytosines, 5mC, and
5hmC residues unreacted. The azide-labeled 5caC residues can then
be clicked to an oligonucleotide hairpin, whereby subsequent poly-
merase extension can yield fragments enriched for 5caC. Collectively,
these results have shown that both WT and rational engineering of the
Spiroplasma M.SssI have been useful for studying mammalian cyto-
sine modifications.
In an added extension of MTase reactivity, our group has recently
discovered MTases that can be engineered to take on neomorphic
carboxymethyltransferase (CxMTase) activity [55]. Building on insights
gleaned from the structure of the recently crystallized CpG MTase
M.MpeI [56], we found that a single active site point mutation could
allow the sparse natural metabolite carboxy-SAM (CxSAM) to be effi-
ciently accepted as a substrate in lieu of SAM. We anticipate that
coupling this unique activity to create an A3A-resistant 5-
carboxymethylcytosine (5cxmC) base at unmodified CpGs could fit
with our existing ACE-Seq workflow and create the first fully enzymatic
sequencing workflow to directly sequence 5mC at base resolution.
Interestingly, cytosine-modifying enzymes can be used to simulta-
neously study DNA modifications and histone occupancy. The Chlorella
virus GpC MTase M.CviPI was first leveraged in this regard [57]. In this
approach, termed Nucleosome Occupancy and Methylome Sequencing
(NOMe-Seq), the GpC MTase first reacts with DNA that is not com-
pacted within inaccessible nucleosomes. Subsequent bisulfite
sequencing then reads both regions of open chromatin, marked by
non-nucleosomal GpC methylation, as well as native 5mC/5hmC
modifications throughout the DNA sample.
In addition to bacterial and viral DNA MTases, mammalian MTases
have been harnessed as biotechnological tools for sequencing.
Rigorous biochemical characterization of the maintenance MTase
DNMT1 has validated its strong preference for methylating opposite a
5mCpG while discriminating against unmodified CpGs and other
modifications [58]. This selectivity has recently been leveraged in
combination with phi29 polymerase for whole-genome amplification
that preserves 5mC marks (5mC-WGA) [59]. Subsequent bisulfite
treatment only identifies 5mC marks that have been copied by phi29
and replicated by DNMT1. The creative method is akin to naturally
occurring DNA replication and offers a means to overcoming the
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limitations of destructive bisulfite-based sequencing by increasing the
input sample amount. Thus, various aspects of MTase selectivi-
tydsequence specificity, SAM analog preference, and discrimination
between hemi-modified and unmodified CpG dyadsdall have been
exploited, with a promise of more applications to come.

6. CONCLUSIONS

In this review, we have highlighted how the very same enzymes that
introduce cytosine modifications in natural systems can be leveraged
to localize cytosine modifications in biotechnological applications.
While classical methodologies have relied on bisulfite-mediated
deamination, the discovery of a broader suite of DNA modifications
and the need to profile DNA modifications in limited samples have
provided the impetus for exploring non-destructive enzymatic ap-
proaches to sequencing. As noted above, the natural reactivity and
selectivity of various cytosine-modifying enzymes offer a set of useful
tools. In vitro reactivity and selectivity can also be viewed as potential
challenges for enzyme-based sequencing pipelines, as high efficiency
and substrate biases are theoretical limitations. However, structural
and biochemical studies can be leveraged to optimize enzymatic
features that are desirable for biotechnological applications, and the
vast repertoire of homologous enzymes offered by nature offers the
opportunity to overcome or complement limitations imposed by any
one family member alone. Beyond protein engineering efforts, the
ability to exploit non-canonical co-substrate metabolites (e.g., UDP-
glucose and SAM analogs) or manipulate enzymes (e.g., eM.SssI or
the neomorphic CxMTase) greatly increases the utility and power of
enzymatic approaches. We anticipate that the arsenal of useful tools
will continue to expand as new DNA-modifying enzymes are discov-
ered, including recent examples such as dsDNA-specific cytidine
deaminase enzymes, TET homologs that convert 5mC into 5-glyceryl-
mC, and 5-hydroxymethylcytosine carbamoyltransferases [60e62].
Enzymatic approaches have presented and will continue to offer new
opportunities for sequencing samples from rare populations at greater
resolution than ever before, which will undoubtedly yield insights into
fundamental questions of how two cells that share a genome can be
distinguished from one another.
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