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ABSTRACT: S-Adenosylmethionine-dependent DNA
methyltransferases (MTases) perform direct methylation
of cytosine to yield S-methylcytosine (SmC), which serves
as part of the epigenetic regulation mechanism in
vertebrates. Active demethylation of SmC by TET
oxygenases produces S-formylcytosine (fC) and S-
carboxylcytosine (caC), which were shown to be enzymati-
cally excised and then replaced with an unmodified
nucleotide. Here we find that both bacterial and
mammalian C5-MTases can catalyze the direct decarbox-
ylation of caC yielding unmodified cytosine in DNA in
vitro but are inert toward fC. The observed atypical
enzymatic C—C bond cleavage reaction provides a
plausible precedent for a direct reversal of caC to the
unmodified state in DNA and offers a unique approach for

sequence-specific analysis of genomic caC.

Modiﬁcation of cytosine in CpG dinucleotides by S-

adenosylmethionine-dependent DNA methyltransferases
(MTases) plays important roles in the epigenetic regulation of
gene function in vertebrates.' The enzymatic methylation
reaction proceeds via direct transfer of a methyl group from §-
adenosylmethionine (SAM) onto the CS position of the target
cytosine residue. In a reverse process termed demethylation,
genomic S-methylcytosine (SmC) is converted to S-hydroxy-
methylcytosine (hmC), S-formylcytosine (fC), and S-carboxyl-
cytosine (caC) by the action of the TET oxygenases.””
Biological functions of the oxidized cytosines are not fully
understood, although some evidence suggests that they may have
certain epigenetic roles besides being intermediates of the
demethylation pathway. The replacement of fC and caC into C is
thought to occur via TDG-dependent base exc151on followed by
repair of the abasic lesions in DNA strands.”

The enzymatic transfer of the sulfonium-bound methyl group
from SAM onto the CS$ position of the target cytosine residue
requires its transient activation by nucleophilic addition of a
conserved cysteine residue in the MTase enzyme to the 6-
position of the ring (Scheme 1a).%° In the absence of cofactor,
the covalently activated intermediate can attack exogenous
electrophiles, such as formaldehyde, leading to the production of
hmC residues in DNA in vitro; '° it was surprisingly found that the
DNA C5-MTases are also capable of removing the 5-hydroxy-
methyl group from their target residues yielding unmodified
cytosine (Scheme 1b). To understand the generality of these
enzyme-promoted C—C bond cleavage reactions, we went on to
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Scheme 1. Proposed Mechanisms of Covalent Catalysis by
DNA Cytosine-5 Methyltransferases (MTases)
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examine the activity of the bacterial C5-MTases M.Hhal and
M.SssI (wild type enzymes and their engineered variants with a
sterically expanded active site, eM.Hhal and eM.SssI)'"'* with
respect to cognate DNA duplexes containing caC or fC at the
target position. For these studies, synthetic unlabeled 21-mer
DNA duplexes were used for direct analyses using ESI-MS. In
parallel, 31-mer DNA duplexes were produced to contain a
uniquely **P-labeled modified cytosine nucleotide (see Support-
ing Table S1) at the target position of the GCGC (or CG) target
site such that subsequent TLC analysis of labeled 5'-
mononucleotides permitted a selective detection of covalent
changes in the target residue. Both types of duplexes contained a
modified target nucleotide on one strand and a S-methylcytosine
residue on the opposite strand.

ESI-MS experiments showed a time-dependent loss of 44 amu
at the target DNA strand containing caC upon incubation of the
21-mer DNA duplexes with M.Hhal and M.SssI MTases. The
methylated strand remained unaltered under these conditions
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Figure 1. Decarboxylation activity of bacterial and human CS-MTases. (a) 21-mer hemimethylated DNA duplexes containing caC or fC at the target site
were treated with M.Hhal or M.Sssl as shown (WT, wild type; C81S, catalytic mutant) and analyzed using a Q-TOF mass spectrometer in negative ion
mode. (b) TLC analysis of labeled caC nucleotide and its conversion products. A 31-mer DNA duplex containing **P-labeled caC (*caC) at the Hhal/
Sssl target site was treated with M.Hhal or M.SssI as shown (w, wild type variant; e, sterically engineered variant; c, C81S catalytic mutant). Modified
DNA was digested to 3’-dNTPs, analyzed by TLC and autoradiography. (c) The 31-mer **P-labeled DNA duplex was treated with human Dnmt3A/3L

and Dbmt3B/3L and analyzed as in (b).

Scheme 2. Biological DNA Methylation and Demethylation in
Vertebrates®
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“Cytosine (C) is converted to S-methylcytosine (SmC) by
endogenous C5-MTases of the Dnmtl and Dnmt3 families (blue);
SmC can be consecutively converted to S-hydroxymethylcytosine
(hmC), S-formylcytosine (fC), and S-carboxylcytosine (caC) by the
TET oxygenases (red). Known reverse pathways (magenta) involve
base excision repair (BER) of fC and caC by thymine DNA glycosylase
(TDG), leading to transient formation of abasic sites in DNA. Dashed
arrows denote the newly discovered S-dehydroxymethylation and S-
decarboxylation reactions performed by C5-MTases and which may be
carried out in vivo by Dnmts or other putative enzymes (dehydroxy-
methylase, deformylase, decarboxylase). Adapted from ref 22.

(Figure 1a). The fC-containing duplex remained completely
inert to a similar MTase treatment under a variety of reaction
conditions. Control mobility shift experiments showed efficient
formation of corresponding binary complexes (Figure S1),
indicating that the modified substrates were properly recognized
by the MTases. TLC analyses of the binary MTase-DNA
complexes containing caC showed that, upon incubation in
aqueous buffers, the amount of the caC nucleotide decreased,
whereas the amount of cytosine increased (Figure 1b). In certain
cases, the presence of trace amounts of the endogenous cofactor
in the MTase preparations manifested itself in the concomitant
formation of detectable labeled SmC nucleotide (Figure 1b).
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Altogether, these observations clearly demonstrate that the C5-
MTases promote the removal of the S-carboxyl group from caC
yielding unmodified C in DNA. Moreover, we find that the
reaction requires the presence of the catalytic cysteine residue in
the enzyme (Figure 1) suggesting a covalent reaction
intermediate (Scheme 1b).

In comparative dehydroxymethylation vs decarboxylation
studies (Figures S2—S3), the wild type MTases proved more
efficient than their engineered variants in the hmC reaction, but
less efficient toward caC. The engineered variants contain alanine
replacements of conserved nonessential Gln and Asn residues in
the active site.'"""* With the assumption that deprotonation of
the exocyclic group is required for the resolution of the covalent
intermediate via C—C bond cleavage (Scheme 1), the lower
acidity of the S-hydroxymethyl group as compared to the 5-
carboxyl group (pK, ~13 and ~3, respectively)'>'* suggests that
one or both of these residues somehow assist in the
deprotonation of the S-hydroxymethyl group (by solvating a
water molecule or directly interacting with the hydroxyl group).
In contrast, no such assistance is required of the more acidic
carboxyl group, in which case an extended steric space provided
by the alanines caters for the increased bulk requirements. This
might also explain the lack of detectable conversion in the case of
fC, since the S5-formyl group is much less likely to be
deprotonated than the latter two groups. Under conditions
imitating enzymatic catalysis (high concentrations of exogenous
thiol and imidazol, pH 5.0), the C—C bond cleavage occurred
with all three types of oxidized cytosines in the following rate
order: caC > fC > hmC." The deformylation reaction most likely
involves the addition of a nucleophile (water, thiol or bisulfite)
followed by deprotonation of a hydroxyl group and release of
formic acid (or corresponding thioester) (Scheme 1c); yet, the
formation of such a hydrate may be obstructed in the active site of
the enzymes.
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Figure 2. (a) Outline of the caC analytical procedure. Step 1, blockage of hmC sites by glucosylation with BGT; Step 2, elimination of C, SmC, and fC
sites by R.Mspl cleavage followed by end-processing with T4/Klenow exo-DNA polymerases and FastAP phosphatase; Step 3, decarboxylation of caC
with eM.SssI; Step 4, RHpall cleavage and ligation of CG-specific adaptors; Step S, adaptor-specific PCR. (b) Validation of the caC enrichment
procedure. A set of 4 DNA fragments with differently modified sites was analyzed in 3 parallel experiments (A, B C) as shown. A unique correctly sized
fragment was obtained in lane B out of 4 possible products produced in control lane A (R.MspI used in Step 4). No PCR product was obtained if

decarboxylation (Step 3) was omitted (lane C).

Besides the bacterial C5-MTases, mouse and human Dnmtl,
Dnmt3A, and Dnmt3B were similarly examined. Under similar
reaction conditions, the formation of cytosine was hardly
detectable above the background (Figures 1c and S4). However,
clear reactivity toward both caC (Figures 1c and S4) and hmC
(Figure SS) was observed in the case of the human Dnmt3A/
Dnmt3L complex. The catalytic efficiencies of the mammalian
Dnmt enzymes in vitro are typically lower than those reported for
the bacterial MTases. The DnmtL protein has no catalytic
activity but is known to stimulate de novo methylation when
bound to Dnmt3A and Dnmt3B MTases.'®'” In our hands, two
preparations of human Dnmt3B/Dnmt3L gave fairly weak but
detectable amounts of the decarboxylation product (Figures 1c
and S4). Given the high structural similarity in the catalytic
domains of Dnmt3A and Dnmt3B, it is likely that both MTases
may be active in this reaction under certain conditions. To this
end, an hmC-to-C conversion has recently been reported for
human Dnmt3A and Dnmt3B."® However, in contrast to the
reported stimulation of the dehydroxymethylation activity of the
individual Dnmt3MTases under oxidative conditions,'® we
observed the clear inhibition of the Dnmt-dependent S-
dehydroxymethylation, S-decarboxylation, and methylation
activities in the presence of hydrogen peroxide (Figure S6).

The described novel reactions of C5-MTases to catalyze the
removal of exocyclic groups in modified cytosines provide yet
another atypical example of the catalytic versatility of these
cofactor-dependent enzymes.'”"® The key feature of the catalysis
is the formation of an activated covalent intermediate (ACI)
promoting a variety of reactions depending on conditions and
the presence of exogenous compounds (Scheme 1). Similarly, a
covalent addition at C6 is operative in the thiol- or bisulfite-
induced decarboxylation of caC in DNA.%*>?° However, known
decarboxylases, including iso-orotate (S-carboxyluracyl) decar-
boxylase, seem to avoid covalent catalysis and typically utilize an
organic cofactor or a transition metal coupled with dioxygen to
activate their substrates.”!

In mammalian DNA, caC is produced by oxidation of SmC
residues by the TET oxygenases as part of a DNA demethylation
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process (Scheme 2). caC was shown to be actively excised by
thymidine DNA glycosylase (TDG), and the general base
excision repair (BER) pathway is thought to restore the
unmodified target sites in DNA.>” Although this pathway is
clearly important in many scenarios, it may not account for all
situations. For instance, a concerted demethylation of high
SmCpG density regions via the BER pathway is expected to
create multiple and closely spaced single- and double-strand
cleavage events in DNA, presumably leading to the compromised
genetic integrity of the locus. Our findings offer a demonstration
of a direct enzymatic caC-to-cytosine conversion in vitro. In the
context of an oxidative DNA demethylation mechanism in vivo,
this provides a plausible chemical precedent for a possible direct
reversal of the oxidized state to the unmodified state by Dnmts,
their complexes with other proteins, or some yet unknown
specialized enzymes (Scheme 2). In contrast to bacterial MTase
M.SssI (Figure S3B), human Dnmt3A/L showed a substantial
reduction of the decarboxylation activity at physiological SAM
concentrations (Figure S4), suggesting that it is unlikely to act in
the present form in vivo. Notably, other studies have found
detectable decarboxylation activity in mouse cell extracts;*> MS-
based proteomics of mouse embryonic stem cells identified a
strong genomic colocalization of Dnmtl with caC, whereas
binding of DNA-repair-associated proteins was most pro-
nounced for fC.** This may point to different processing
mechanisms involving caC and fC in vivo,"* in line with the
observed behavior of C5-MTases in vitro.

The MTase-directed decarboxylation reaction occurs under
mild conditions and retains the cognate sequence- and
nucleotide-specificity of the enzyme. The C5-MTases are also
similarly active toward hmC, but not toward SmC and fC. We
therefore examined if this base selectivity can be exploited for
analysis of caC residues in genomic DNA. Although several
chemoenzymatic methods have been described for analysis of
hmC and fC,**™ few are available for caC.>® We first assessed
the sensitivity of the CpG specific restriction endonucleases
Mspl and Hpall to the cytosine modifications using synthetic
fluorescently labeled 89-mer DNA duplexes (Figure S7). The
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Journal of the American Chemical Society

Communication

cleavage of the target site was quantitated by qPCR in 0.2 kb
DNA fragments containing a single CCGG site with hemi- or
symmetrical cytosine modifications (Figure S8A). Both
endonucleases were fully blocked by caC and showed expected”
differential sensitivity with respect to SmC, hmC, and fC (Figure
S8B). Treatment of the model fragments with eM.SssI converted
the originally immune caC sites to R.Hpall-sensitive unmodified
sites with >90% efficiency (Figure S8B). The R.Hpall cleavage
produces termini with 5'-CG dinucleotide overhangs; this can be
exploited for selective attachment of end-specific adapters
followed by sequencing and genomic mapping of the original
caC sites provided that CCGG sites containing other
modifications are excluded. We therefore went on to develop a
new method in which hmC sites are blocked by treatment of
DNA with T4-f-glucosyltransferase (BGT), whereas C, SmC,
and fC sites are selectively eliminated by R.Mspl cleavage and
subsequent end-processing to preclude their ligation to CG-
specific adaptors (Figure 2a). As a proof of principle, we carried
out control experiments in which a mixture of four model
fragments each containing differently modified cytosines at the
CCGG target sites was analyzed (Figure 2b). Remarkably, we
found a single amplicon originating from the caC-containing
fragment, which comprised 10% of the input DNA sample
(Figure 2b, lane B). Omission of the eM.SssI treatment gave no
detectable amplification products under identical conditions
(lane C), attesting efficient eM.SssI-directed decarboxylation of
caC. Altogether, these findings indicate the high potential of the
proposed approach for genomic CCGG-specific mapping of caC.
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