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Abstract

TET family enzymes are known for oxidation of the 5-methyl substituent on 5-methylcytosine
(5mC) in DNA. 5mC oxidation generates the stable base 5-hydroxymethylcytosine (5hmC),
starting an /ndiirect, multi-step process that ends with reversion of 5mC to unmodified cytosine.
While probing the nucleobase determinants of 5mC recognition, we discovered that TET enzymes
are also proficient as direct N-demethylases of cytosine bases. We find that A-demethylase activity
can be readily observed on substrates lacking a 5-methyl group and, remarkably, TET enzymes
can be similarly proficient in either oxidation of 5mC or demethylation of A4-methyl substituents.
Our results indicate that TET enzymes can act as both direct and indirect demethylases, highlight
the active-site plasticity of these Fe(ll)/a-ketoglutarate-dependent dioxygenases, and suggest
activity on unexplored substrates that could reveal new TET biology.
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Employing a nucleobase modifier strategy, we discovered that TET family enzymes are robust and
direct A-demethylases, and that this activity is comparable to its normal activity in oxidation of 5-

methylcytosine. This remarkable A~demethylase activity highlights the plasticity of the TET active
site and suggests broader biological roles for TET enzymes beyond impacting DNA methylation

dynamics.

Keywords

DNA methylation; Enzymes; Epigenetics; TET enzymes

5-methylcytosine (5mC) is an epigenetic DNA modification that plays crucial roles in
mammalian gene silencing, imprinting, aging, and carcinogenesis.[] The conversion of 5mC
to unmodified cytosine is primarily initiated by Ten-eleven translocation (TET) family
dioxygenases, whereby oxidation of 5mC marks a base for demethylation, but does not
directly result in loss of the methyl group.[2 3] This pathway involves TET-mediated
oxidation of 5mC to generate 5-hydroxymethylcytosine (5hmC), the predominant product,
along with 5-formylcytosine (5fC) and 5-carboxylcytosine (5caC).[4-6] Each of these
oxidized 5mC bases (0x-mCs) can promote the passive, replication-dependent 5mC loss by
antagonizing the maintenance DNA methyltransferase DNMT1.[71 5fC and 5caC can also be
excised as part of a base excision repair pathway to complete an active, but /ndirect,
demethylation process.[® 8l

This indirect demethylation of 5mC by TET enzymes stands as a point of contrast to their
closely related family members in the larger Fe(l1)/ a-ketoglutarate(a KG)-dependent
dioxygenase family. In the epigenetic realm, this family more broadly includes histone
demethylases of the Jumonji family and AlIkB enzymes that act on alkylated nucleobases in
DNA/RNA.[®] All family members share the initial catalytic half-reaction, whereby Fe(l1) is
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oxidized to a reactive Fe(IV)-oxo species with concomitant conversion of aKG to succinate
(Figure S1). For most of these family members, oxidation occurs on a methyl or alkyl
substituent linked to a nitrogen or oxygen heteroatom. Direct dealkylation can then proceed
via loss of formaldehyde or other aldehyde products with the heteroatom acting as an
electron sink.[10 111 TET enzymes differ in that the canonical target of oxidation, the 5-
methyl group of 5mC, is not linked to a heteroatom, resulting in the stable generation of ox-
mCs as part of the multi-step, indirect demethylation pathway.

Recent work has demonstrated that TET enzymes can tolerate substrates beyond 5mC in
DNA, including RNA or alternative 5-modified substrates, such as 5-ethylcytosine.[12-16]
Observing this promiscuity prompted us to further explore the features that determine if a
nucleobase is recognized and oxidized. Prior work using structure-guided biochemistry and
MD simulation both have suggested a role for Asn1387 of human TET2 in recognition of
the A4 amino group of 5mC (Figure 1A).[17-19] Specifically, alteration of Asn1387 via an
N1387A mutation led to loss of activity on 5mC in DNA.[17] Given that substrate
recognition could therefore hinge on discrimination of the Watson-Crick face of cytosine, we
adopted an orthogonal nucleobase modification approach to probe this possibility.

For our nucleobase modification approach, we aimed to make targeted alterations to the
5mC substrate (Figure 1A). We first used solid phase synthesis to generate matched
fluorescein-labeled 27mer DNA substrates containing a central CXGG sequence, where X
was either 5mC (F27-5mC) or 5-methylzebularine (F27-5mZ), a nucleobase lacking the
exocyclic NHy, which would remove the Asn1387 H-bond partner. To simultaneously probe
the consequences of alternative disruptions, we also pursued A4 modification. To this end,
we synthesized a convertible dT phosphoramidite,[2%] and introduced this base in a matched
substrate sequence by solid phase synthesis. Upon reaction with appropriate amines, the
base was converted, yielding DNA containing either 4- A-methyl-5-methylcytosine or 4,4-
N, N-dimethyl-5-methylcytosine (F27-4m5mC and F27-4dm5mC, respectively) (Figure S2).

Next, to explore the reactivity of these nucleobase analogues in DNA, the four DNA
oligonucleotides were hybridized to a complementary strand containing unmodified cytosine
bases, incubated with purified human TET2 (TET2-CS) and subjected to further analysis.
We first focused on a comparison between F27-5mC and F27-5mZ. For 5mC, TET-
mediated oxidation can be tracked using coupling enzymes. While Mspl can cleave a CXGG
sequence when X is 5mC, this cleavage is blocked either by oxidation of X to 5caC or
oxidation to 5hmC followed by its glucosylation with T4 phage-derived -
glucosyltransferase (BGT) (Figure 1B).[21] To probe 5mZ reactivity, we first validated that
unreacted F27-5mZ, like F27-5mC, can also be cleaved by Mspl. Upon reaction with TET2,
however, the DNA becomes partially protected from cleavage by Mspl, and protection is
further enhanced by including BGT (Figure 1B). To validate the generation of 5-
hydroxymethylzebularine (5hmz), and its glucosylation by BGT, we analyzed the reaction
products using electrospray ionization mass spectrometry (ESI-MS) on the intact DNA and
found efficient depletion of starting material, conversion to F27-5hmZ, and its subsequent
glucosylation (Figure 1C).
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Unlike with the N1387A TET2 mutant, where 5mC oxidation was almost completely
deficient,[17] we readily observed 5mZ oxidation by TET2-CS. This result suggests that
there is no obligate requirement for an H-bond between Asn1387 of TET2 and the 5mC
exocyclic amine. The absence of this interaction, however, slows down oxidation, and while
we detected 5hmZ, higher-order oxidation was not readily observed. No products consistent
with 5-carboxyl-dZ were observed by ESI-MS, and while 5-formyl-dZ would be difficult to
differentiate by ESI-MS alone, no new product was detected upon incubation with an
aldehyde reactive probe (Figure S3). Notably, in step-wise oxidation, 5mC is a favored
substrate compared to 5hmC and 5fC.[X%1 The predominant formation of 5hmz from 5mZ
implies that the 5-hydroxymethyl group might be similarly less reactive in absence of a
stabilizing H-bond from N1387 to A4, leading to an exaggerated deficit in iterative
oxidation. We posit that the N1387A mutant may have either disrupted the nearby His1904-
cytosine A3 interaction or be structurally destabilizing.

Having shown a tolerance to loss of the H-bonding partner, we next turned our attention to
the F27-4m5mC and F27-4dm5mC substrates, which could also alter or prevent H-bond
formation. As these substrates were not readily amenable to the conventional Mspl-based
assay, we first used ESI-MS to explore product formation. Upon reaction with TET2 we
noted multiple new products with both substrates, including species reduced in mass relative
to the starting material (Figure S4). This surprising result lead us to degrade the DNA to
individual nucleosides and characterize by LC-MS/MS. For F27-4m5mC, we noted 4m5mC
consumption, with detectable generation of species consistent with 4-A~methyl versions of
5hmC, 5fC, and 5caC. To our surprise, we also detected 5caC itself, a product consistent
with A~demethylation, despite complete absence of 5mC in the starting substrate (Figure
S5). F27-4dm5mC was similarly consumed, and yielded a product mixture nearly identical
to that associated with F27-4m5mC (Figure S5). The results were consistent with initial
mono-A-demethylation, followed by a mixture of oxidations of the 5-methyl substituent and
N-demethylation.

The observation of concurrent 5-methyl oxidation and A-demethylation led us to further
consider the nucleobase determinants of TET-mediated oxidation. To more directly probe A-
demethylation, we designed two additional matched substrates lacking the 5-methyl group.
Using solid phase synthesis and a convertible nucleoside strategy, we generated substrates
containing 4- A-methyl-dC (F27-4mC) and a 4,4- N, N-dimethyl-dC (F27-4dmC) (Figure
S6A). The associated duplexes were reacted with TET2-CS and analyzed by ESI-MS of the
intact DNA (Figure 2A/2B). Under conditions identical to those used for F27-5mC
oxidation, A-demethylase activity could be readily observed. F27-4mC was ~30%
demethylated to generate F27-C, while F27-4dmC was almost completely mono-
demethylated and ~30% di-demethylated. Thus, TET2 has direct A~demethylase activity and
this activity is independent of the presence of 5-methyl group.

To examine if the novel A-demethylation activity is specific to TET2 or a more general
feature of TET enzymes, we next reacted F27-4dmC with the purified catalytic domains
from either human TET1 or human TETS3, and analyzed reaction products by ESI-MS.
When reacted under similar conditions, TET1 showed complete mono-demethylation and
partial di-demethylation to a comparable extent relative to TET2-CS (Figure 2C). TET3 also
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showed A-demethylation activity, with partial mono-demethylation that is consistent with
prior observations that TET3 is globally reduced in activity relative to TET1 and TET2.[13]
Most notably, these observations demonstrate that the capacity for A-demethylation is
intrinsic to the entire human TET enzyme family.

The observation that TET2 can qualitatively act in either 5-methyl oxidation or direct N4-
demethylation prompted us consider the comparative efficiency of these distinct reactions.
For the F27-5mC and F27-5mZ substrates, the BGT/Mspl-coupled assay provides a
quantitative assay for substrate reactivity. Unlike these substrates, we found that F27-4dmC
is unable to be cleaved by Mspl (Figure S6B), likely due to poor duplex DNA formation at
the 4dmC base. However, Mspl was proficient in cleaving F27-4mC, which therefore
permits analysis of mono-demethylation of F27-4dmC via Mspl cleavage. To compare the
relative reactivity, we next incubated a fixed concentration of each substrate with serial
dilutions of TET2-CS, and analyzed using the appropriate format of the Mspl-coupled assay
(Figure 3A). Using this approach, oxidation of 5mC and mono-demethylation of 4dmC
proceeded at comparable efficiency to one another (Figure 3B), with a small quantitative
preference for A-demethylation over 5mC oxidation. The fact that different methyl groups
on the cytosine nucleobase can be targeted to a similar extent suggests a degree of active site
plasticity that has been underappreciated in TET2. Using a similar assay format, we also
compared the relative reactivity of F27-5mZ. Unlike F27-4dmC, reactivity is ~4-fold
reduced relative to the canonical F27-5mC substrate (Figure 3B). Although reduced in
efficiency, the oxidation of 5mZ again points to a notable degree of active site tolerance in
TET2.

The surprising proficiency of TET as a bifunctional DNA dioxygenase has potential
biological and mechanistic implications. From the biological angle, our results provide
grounds for asking about an expanded suite of potential cellular substrates. As TET enzymes
are both proficient on RNA and also found in organisms without 5mC in DNA,[13. 22]
modified RNA may be a relevant substrate in some settings. While the most common RNA
modification AB-methyladenine (6mA) does not appear to be a TET substrate (Figure S7),
NA methylation is a physiologically relevant RNA modification that could be a viable TET
substrate.[23] As 4mC is also found in the DNA of diverse bacteria, our findings also hold
implications for the use of TET enzymes in novel sequencing approaches aimed at localizing
various modifications.[24]

From the mechanistic angle, our study offers new insights into TET-mediated oxidation. For
many oxidation reactions in metabolism, high specificity is required to differentiate between
closely related metabolites, while others, such as cytochrome P450 enzymes, exhibit broad
substrate tolerance.[25] Our results suggest that in the Fe(I1)/aKG dioxygenase family,
DNA/RNA modifying enzymes are likely to inhabit a middle territory.[10] After the
generation of a highly reactive Fe(IV)-oxo intermediate, it is likely that any well-placed C-H
bond can be targeted to complete the oxidative cycle (Figure S1). Consistent with this
suggestion, AlkB family members, which typically act on A= or C-alkylated DNA, [0 have
also recently been shown to potentially oxidize 5mC, albeit far less efficiently than
substrates such as 3-methylcytosine.[26] The fact that TET enzymes can be highly proficient
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in alternative activities highlights the plasticity of the TET active site, and suggests a need to
broaden exploration of the biological roles for these nucleobase modifying enzymes.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figurel.
The role of M of 5mC in TET-mediated oxidation. (A) The interaction between 5mC and

Asn1387 of TET2 is postulated to be critical to reactivity. The M4 interaction can be probed
by Mi-removal (ANH,), as in 5-methylzebularine (5mZ), or via methyl substitution. (B) A
27-mer FAM-labeled substrate with 5mC or 5mZ (200 nM) was reacted with or without
TET2 -CS (1.6 uM) in the presence or absence of T4-BGT and the products analyzed on a
denaturing gel after cleavage with Mspl. While the substrates can be cleaved, modified
products are partially or fully protected from Mspl cleavage. (C) Spectral traces from ESI-
MS analysis of reaction products were normalized to the complementary strand. The product
containing 5-glucosyl-hmZ is denoted by F27-5ghmZ.
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Figure2.

TET family enzymes are robust A-demethylases. (A) The F27-4mC substrate (200 nM) was
reacted with or without TET2-CS (1.6 uM) and products were analyzed by ESI-MS with
masses corresponding to substrates and potential products noted. A plausible mechanism for
N-demethylation involving oxidation followed by deformylation is also shown. (B) The
F27-4dmC substrate was reacted with TET2-CS or buffer and analyzed by ESI-MS. A
plausible mechanism for di-demethylation involving iterative oxidation and deformylation is
shown. (C) The F27-4dmC was reacted with TET1-FCD or TET3-FCD under conditions
identical to the TET2-CS reaction and buffer only controls above and analyzed by ESI-MS.
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Figure 3.
TET2 direct N-demethylation activity is comparable to 5mC oxidation activity. (A) Product

formation can be detected by either protection from Mspl cleavage, for F27-5mC, or
susceptibility to cleavage for F27-4dmC. Fixed concentrations of F27-4dmC, F27-5mC and
F27-5mZ substrates (200 nM) were co-incubated with serial dilutions of TET2-CS (6 nM to
1.6 uM), then subjected to the appropriate Mspl-based assay. Representative product gels,
imaged for FAM fluorescence, are shown. (B) Percent conversion of F27-5mC, F27-5dmC,
and F27-5mZ are shown as a function of TET2-CS concentration. Error bars represent
standard deviation from three independent replicates and the best fit sigmoidal curve to
aggregated data is shown. The ECsq value derived from this fit represents the amount of
enzyme required to convert half of the substrate, with 95% confidence interval (Cl) noted.
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