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Ten-eleven translocation (TET) enzymes oxidize C—H bonds in 5-methylcytosine (5mC) to hydroxyl (ShmC),
formyl (5fC) and carboxyl (5caC) intermediates en route to DNA demethylation. It has remained a challenge
to study the function of a single oxidized product. We investigate whether alkyl groups other than methyl
could be oxidized by TET proteins to generate a specific intermediate. We report here that TET2 oxidizes 5-
ethylcytosine (5eC) only to 5-hydroxyethylcytosine (5heC). In biochemical assays, 5heC acts as a docking
site for proteins implicated in transcription, imbuing this modification with potential gene regulatory
activity. We observe that 5heC is resistant to downstream wild type hydrolases, but not to the
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Accepted 28th September 2019 engineered enzymes, thus establishing a unique tool to conditionally alter the stability of 5heC on DNA.

Furthermore, we devised a chemical approach for orthogonal labeling of 5heC. Our work offers
DOI: 10.1039/c95c02629k a platform for synthesis of novel 5-alkylcytosines, provides an approach to ‘tame’ TET activity, and

rsc.li/chemical-science identifies 5heC as an unnatural modification with a potential to control chromatin-dependent processes.
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Introduction

Gene expression is regulated by chemical modifications of DNA
such as the methylation of cytosine at carbon 5 (5mC)." It has
been reported that ten-eleven translocation (TET) enzymes
iteratively oxidize C-H bonds in 5mC to generate 5-hydrox-
ymethyl (5hmC), 5-formyl (5fC), and 5-carboxyl (5caC) cytosines
using 2-ketoglutarate (2KG) and Fe(u) as co-substrates
(Fig. 1A).>* 5caC is subsequently excised and repaired to cyto-
sine through base-excision repair (BER) pathway, providing
a biochemical basis for active DNA demethylation (Fig. 1A).°
Growing evidence suggests that each individual intermediate
can regulate gene expression.® Among the oxidized species,
5hmC is the most abundant in embryonic stem cells as well as
neuronal cells.” Misregulation in 5hmC production is impli-
cated in multiple cancers.® These findings have spurred interest
in developing analytical methods to gain mechanistic insights
into the functions of 5hmC.” However, heterogeneous distri-
bution of the concomitant and fleeting intermediates in DNA
pose a significant challenge to ascertain their specific role.
Chemical means to specifically access and stabilize a particular
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intermediate would constitute a powerful approach to probe its
potential role in gene expression and disease.

We envisioned employing 5mC homologues to control the
degree of C-H hydroxylation by TET enzymes to access a specific
intermediate (Fig. 1B). We reasoned that substituting the
methyl group with an ethyl, a propyl or an isopropyl moiety
would preferentially furnish a specific oxidized product by
restricting the number of available C-H bonds for oxidation.
Restricted rotation of the alkyl group in TET active site would
also enhance the degree specificity of oxidation. Furthermore,
given that TET-mediated C-H hydroxylation proceeds through
a radical pathway," a secondary (from an ethyl or a propyl
group) or a tertiary (from an isopropyl group) radical interme-
diate would have the benefit of enhanced hyperconjugative
stabilization compared to their primary (from the methyl group)
counterpart, potentially lowering the transition-state barrier for
the proposed C-H activation (Fig. 1B).

Results and discussion
Synthesis of the alkylated oligonucleotide probes

To test our hypothesis for stereoelectronic control of TET
activity, we designed a set of short oligonucleotides carrying
cytidine analogues with alkyl groups at carbon 5 including 5-
ethyl (5eC), 5-propyl (5pC) and 5-isopropyl (5iC) cytosines
(Fig. 1B). We developed short synthetic schemes towards the
corresponding phosphoramidites 1-3 (Fig. 2A). Although,
synthesis of 1 and 2 is accomplished by modifying the available
methods (Schemes S1 and S21),"** access to novel

This journal is © The Royal Society of Chemistry 2019
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Fig. 1 C-H oxidation by TET enzymes. (A) Schematic showing active
DNA demethylation via TET-mediated successive C—H oxidation of
5mC to 5hmC, 5fC and 5caC followed by TDG catalyzed base
hydrolysis and repair. (B) Structures of the 5-alkylcytosine derivatives
synthesized and examined for TET activity. DNMT: DNA methyl-
transferase, SAM: S-adenosylmethionine.

phosphoramidite 3 required development of a new synthetic
method. We employed metal-catalyzed cross-coupling reac-
tion* followed by hydrogenation to install the isopropyl group
on unprotected cytidine as key step (Scheme S31). Upon
accessing all the phosphoramidite building blocks, we prepared
a set of novel oligonucleotides containing the modified cyti-
dines in a short palindromic sequence using solid-phase DNA
synthesis technique (Fig. 2B, Table S1}).** We also synthesized
the corresponding 5mC-containing DNA to serve as a positive
control in biochemical experiments. Integrity of the alkylated
DNAs was confirmed by MALDI-MS (Fig. S17).

Activity of TET2 towards alkylated oligonucleotides

We examined the activity of catalytic domain of TET2 on the
synthetic oligonucleotides by analyzing the mass of each oxidized
product.’® Consistent with earlier observations, TET2 mediated
oxidation of double-stranded DNA containing 5mC led to
a heterogeneous mixture of all the oxidized products 5hmC, 5fC
and 5CaC (Fig. 2C and S2t). Under identical conditions, we
observed that 5eC could be selectively oxidized to 5-hydrox-
yethylcytosine (5heC) by TET2 (Fig. 2D and S2%). In a time-
dependent C-H hydroxylation assay, both 5mC and 5eC
showed comparable activity (Fig. S31). Further oxidation of 5heC
was nearly undetectable (<2%). 5pC-containing DNA was
marginally oxidized to 5-hydroxypropylcytosine (Fig. S41). DNA
with further extended modification such as 5iC remained inac-
tive towards TET2 (Fig. S47). The lack of oxidation on the bulky
analogues (5pC and 5iC) is most likely due to the inability of
TET2 to accommodate extended alkyl moiety in the active site.
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Fig. 2 Activity of TET enzymes on 5-alkylcytosine containing DNAs.
(A) Chemical structures of phosphoramidites 1, 2 and 3. (B) Sequence
of double-stranded DNAs containing 5eC, 5pC or 5iC. (C) Formation of
5hmC, 5fC and 5caC from 5mC DNA by TET2 as evident from MALDI-
MS spectra. (D) TET2 selectively generated 5-hydroxyethylcytosine
(5heC) from 5eC DNA.

Successful oxidation of the 5-methylcytosine analogues by
TET2 resonates with an earlier observation that lysine deme-
thylases (KDMs), another class of Fe(u) and 2KG dependent
hydroxylases, can act on ethyl and isopropyl lysine in histone
peptides,'” suggesting flexibility in the substrate scope for this
class of enzymes. It has been shown recently that TET2 can
oxidize 5-vinylcytidine and 5-ethynylcytidine to produce fleeting
epoxide and hydroxy-ethynyl intermediates, respectively.*®
These cytidine analogues failed to deliver stable hydroxyl
derivatives, as they lack the critical sp® hybridized benzylic C-H
bonds present in 5mC and 5eC.

Regiospecificity of 5eC oxidation by TET2

In order to determine the regioselectivity of oxidation on the ethyl
group (-CH,- vs. -CHj3), we implemented 5-CH;CD,-cytidine
containing DNA (Fig. 3A). Oxidation of -CD,- would result in the
addition of 15 atomic mass units whereas oxidation of the -CHj;
group would lead to an increase of 16 mass units. For this
purpose, we developed a four-step protocol to 5-CH;CD,-cytidine
phosphoramidite 4 and incorporated it into a DNA sequence
identical to that of 5eC (Fig. 3B, C and S5, Scheme S4t). Upon
exposure to TET2, 5-CH;CD,-cytosine DNA underwent smooth
hydroxylation at the heavy methylene (-CD,-) site as discernible
from the increase of 15 mass units in MALDI spectrum (Fig. 3D).
The observation that -CD,—, and not the terminal —-CH3;, is
oxidized by TET2 is congruent with a radical-based mechanism
leading to a stable benzylic radical intermediate at -CD,- site.*
Degree-specific oxidation of 5eC to 5heC is likely due to the
restricted conformational freedom of the ethyl group inside TET2
pocket, as structural and computational studies have shown that
iterative oxidation of 5mC requires free rotation along the C5-
CH; bond to project the methyl hydrogens towards oxo-ferryl
[Fe(v)=0] species.>* Taken together, our data show that TET2
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Fig. 3 Characterization of TET2 activity on 5eC. (A) Reaction scheme
showing two plausible 5heC positional isomers generated from 5eC. (B
and C) Structures of 5-CHzCD,-cytidine phosphoramidite 4 and its
corresponding DNA. (D) MALDI-MS spectra of TET2-mediated oxida-
tion of deuterated 5eC (top panel). Addition of 15 daltons indicates
oxidation of a-carbon carrying deuterium atoms. Oxidation of 5-
CH3CH5-cytidine (5eC) by TET2 leads to increase of 16 daltons (lower
panel).

is capable of oxidizing 5mC homologue 5eC in a site- and degree-
specific manner to furnish 5heC exclusively.

Recognition of 5heC by 5hmC ‘reader’

We next investigated if 5heC could mimic 5hmC in biochem-
ical assays. It has been shown that UHRF2 binds 5hmC
through its SRA domain by flipping the modified base allowing
access to chromatin-modifying enzymes (Fig. 4A).>> We asked
whether ‘reader’ modules dedicated to binding 5hmC could
recognize 5heC.” To access 5heC-containing DNA, we devel-
oped a synthetic scheme towards 5heC phosphoramidite 5
involving electrophilic addition of acetaldehyde to protected 5-
bromouridine as a key step (Fig. 4B, Scheme S51). In order to
examine the interaction between UHRF2 and 5heC, we
synthesized 5'-carboxyfluorescein (FAM) labeled DNA using 5
(Fig. S6, Table S17).

We first measured the affinity between UHRF2-SRA domain
and 5hmC-carrying DNA in fluorescence polarization (FP) assay
and obtained a K4 of 0.97 + 0.12 uM, consistent with an earlier
report (Fig. 4C).>* Furthermore, the interaction between 5heC
DNA and the reader domain was strong (Kg = 0.75 £ 0.13 uM),
confirming that UHRF2-SRA could recognize 5heC with avidity
comparable to that of 5hmC. A structural study has revealed
that UHRF2-SRA domain carries a spacious hydrophobic pocket
and can potentially bind a group bulkier than 5hmC,** corrob-
orating well with our experimental data. Collectively, the
binding data support our hypothesis that 5heC could act as
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Fig. 4 Binding of 5heC by 5hmC ‘reader’ protein. (A) UHRF2 binds to
5hmC (and potentially to 5heC) and interacts with a range of proteins
for enhanced chromatin accessibility. (B) Structure of 5heC phos-
phoramidite 5. (C) Fluorescence anisotropy measurement showing
that UHRF2 binds double-stranded DNA carrying either 5hmC or 5heC
with similar affinity.

docking site for appropriate ‘reader’ proteins to elicit biological
functions similar to 5hmC.

Hydrolytic resistance of 5heC towards 5ShmC ‘erasers’

We next sought to assess the stability of 5heC on synthetic DNA.
Active demethylation could occur via deamination of 5hmcC to 5-
hydroxymethyluridine (5hmuU) by activation-induced cytidine
deaminase (AID)/APOBEC family of deaminases, followed by
TDG-mediated base excision repair (BER) (Fig. S7t).2*¢ To
evaluate whether these hydrolytic enzymes could act on 5eC and
5heC in tandem, we synthesized short DNA substrates bearing
a central XpG motif (X represents a 5-modified cytidine) and
a 5-FAM unit (Fig. S8 and S9, Table S1t). To analyze the
hydrolyzed intermediates, we employed a coupled assay where
the AID/APOBEC-catalyzed deaminated products were duplexed
with complementary strand to generate U:G mismatch for TDG-
mediated base-excision followed by strand cleavage under
alkaline condition (Fig. 5A). The fluorescently labeled cleaved
DNA fragments were visualized on a denaturing gel.

We first confirmed TDG activity on synthetic DNAs with T:G
and 5hmU:G mismatch, which generated DNA fragments upon
base excision (Fig. 5B and S107). Next, we examined whether
TDG could excise 5-ethyluridine (5eU) and 5-hydroxy-
ethyluridine (5heU) from DNA. For this purpose, we synthe-
sized 5eU and 5heU phosphoramidites, 6 and 7, respectively
and incorporated each into a DNA with sequence identical to
that of 5hmU (Schemes S6 and S7, Fig. S81). TDG was indeed
able to cleave both 5eC and 5heU, albeit with lower efficiency
compared to their methyl counterparts (Fig. 5B and S107).
Encouraged by these results, we assembled the entire erasure
pathway by incubating AID and APOBEC 3A (A3A), one at a time,
with each synthesized DNA containing 5mC, 5eC, 5hmC or
5heC (Fig. S9t). The putative deaminated products (T from
5mcC, 5eU from 5eC, 5hmU from 5hmC and 5heU from 5heC)
were subsequently duplexed to generate a U-G mismatch and

This journal is © The Royal Society of Chemistry 2019
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Fig. 5 Stability of 5heC against hydrolytic enzymes. (A) Schematic
showing coupled assay involving deamination and base excision of
FAM-labeled DNA. (B) TDG can excise both 5hmU and 5heU duplexed
DNAs carrying a U:G mismatch as confirmed by in-gel fluorescence.
(C) Activity of wild type AID and its Y116A mutant towards DNA strands
carrying either 5hmC (R = H) or 5heC (R = CHs) modifications.
Deaminated DNAs were duplexed to create U:G mismatch prior to
TDG-mediated base excision and strand cleavage. (D) Crystal struc-
tures of human AID (PDB: 5wO0u). Y116 resides closely to substrate
cytidine in the active site. (E) Sequence alignment showing that Y116 is
conserved in human AID and APOBEC family of deaminases. (F) The
tyrosine is likely acting as a gatekeeper residue that can be mutated to
smaller amino acid to accommodate modified cytidine. S: substrate
DNA; P: product DNA; dCMP: deoxycytidine monophosphate.

subjected to base excision by TDG (Fig. 5A). We noticed that
wild type AID and A3A disfavored 5hmC but not 5mC as
substrate and generated a low level of deaminated product
(Fig. 5C and S10%). Consistently, these enzymes failed to
deaminate 5eC and 5heC (Fig. 5C and S$107).

Our results are along the lines of earlier reports that cytosine
analogues carrying substituents at carbon 5 are poor substrates
of AID and APOBECs.””** We analyzed the crystal structure and
sequence of several human deaminases, and identified
a conserved tyrosine that resides closely to the target cytosine in
the active sites of AID and A3A (Fig. 5D and E, S10t).*** This
tyrosine is likely acting as a gatekeeper residue for discrimina-
tion against 5ShmC. We reasoned that substituting the tyrosine
with alanine would expand the pocket to accommodate a bulky
substrate (Fig. 5F).** We generated Y116A and Y130A mutants of
AID and A3A, respectively, and tested in the coupled assay.
Remarkably, the mutants acquired increased deaminase activity
towards 5hmC, and 5eC and 5heC, as evident from the forma-
tion of shorter fluorescently labeled fragments only in the
presence of TDG (Fig. 5C and S107). These results demonstrate
that 5eC and 5heC do not undergo deamination by wild type
deaminases such as AID and A3A, likely because of their
compromised binding to the active site.

A second pathway for active demethylation involves direct
excision of 5fC and 5caC by TDG (Fig. 1A).>** Electron-
withdrawing formyl and carboxyl groups in 5fC and 5caC,

This journal is © The Royal Society of Chemistry 2019
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respectively, weaken the base pairing ability in double-stranded
DNA and contribute to their selective recognition and excision
by TDG.*>*® To examine if further oxidation of 5heC to 5-ace-
tylcytidine could provide an electronic feature similar to 5fC
and 5caC, we oxidized 5heC in a short DNA using KRuO,
(Fig. 6A and S11%).*” Indeed, duplexed DNA carrying 5-ace-
tylcytidine motif underwent smooth base excision by TDG,
much like its 5fC counterpart (Fig. 6B and C). The sample
lacking KRuO, did not undergo cleavage, confirming that 5heC
is not a direct substrate of TDG likely because it does not offer
an electron poor pyrimidine ring. Collectively, these results
confirmed that 5heC is refractory towards both deamination
and base excision, unlike its natural congener 5hmC which is
rapidly oxidized and eliminated from DNA. Importantly, the
engineered deaminases with expanded active site deaminated
5heC for subsequent TDG-mediated base excision, thus offering
a biochemical approach to conditionally alter the stability of
5heC in DNA.

Selective functionalization of 5heC

Finally, we sought to functionalize 5heC selectively over 5hmC
for selective labeling and enrichment from biological milieu. A
particular chemoenzymatic approach includes p-glucosyl-
transferase (B-GT) mediated azido-glucosylation of 5hmC with
6-azidoglucose-UDP, followed by ligation with appropriate
reporter molecule (Fig. 7A).*** We observed robust glucosyla-
tion, but not azido-glucosylation, of 5heC by B-GT (Fig. 7B and
S127).3%%*° We realized that such difference in B-GT activity could
constitute a strategy for selective protection of 5ShmC with 6-
azidoglucose-UDP in the presence of 5heC, keeping it available
for further derivatization. Next, to functionalize 5heC, we
adopted a two-step chemical approach involving treatment of
5heC DNA with KRuO, followed by oxime formation with biotin
hydroxylamine-based aldehyde reactive probe (ARP) (Fig. 7A).
The reaction was analyzed using biotin antibody in a dot blot
assay. We observed successful product formation as evident by
strong chemiluminescent signal only in the presence of KRuO,
(Fig. 7C). In summary, our results offer a practical method for
orthogonal labeling of 5heC-containing DNA first by masking
5hmC with 6-azidoglucose followed by oxidative biotinylation of
5heC.
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Fig. 6 Activity of TDG towards 5heC. (A) Schematic showing an assay
involving oxidation of 5hmC (R = H) or 5heC (R = CH3) on FAM-labeled
DNA, duplex formation and base excision by TDG. (B and C) TDG can
excise 5hmC (B) and 5heC (C) only in the presence of KRuO,4 as
confirmed by in-gel fluorescence. S: substrate DNA; P: product DNA.
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Fig. 7 Selective labeling of 5heC. (A) Schematic showing a tandem
oxidation and biotinylation approach to functionalize 5hmC and 5heC.
B) B-GT can transfer both glucose (R2 = OH) and Ns-glucose (R2 =
N3z) to 5hmC (R1 = H) but only glucose to 5heC (R1 = CHz3). (C) Dot-
blot assay with anti-biotin antibody confirms tandem KRuO,4 oxidation
and oxime formation on 5hmC and 5heC. ARP: aldehyde reactive
probe (Fig. S127t for structure).

Conclusion

In this work, we have tailored an unnatural cytosine modifi-
cation suitable for probing the DNA demethylation pathway.
We first develop synthetic methods to install alkylated cytidine
analogues on oligonucleotide segments. With these DNA
probes, we show that TET2 could oxidize 5eC in site- and
degree-specific manner to offer the mono-hydroxylated
product via benzylic C-H activation. Such selective C-H
functionalization is advantageous in studying transcriptional
role of 5hmC in the guise of 5heC, as oxidation of 5mC leads to
all the three intermediates with varied distribution. The
rationale for a potential gene regulatory activity of 5heC came
from our binding experiments that showed 5heC could act as
a platform for chromatin-associated proteins such as UHRF2
and likely other 5hmC ‘readers’ for targeting transcriptional
complexes. Finally, we examined the activity of human
deaminases AID and A3A, and glycosylase TDG towards 5heC
and presented convincing evidence that 5heC is not
a substrate for these enzymes that act downstream of TETSs to
complete the DNA demethylation pathway. These results are
particularly important as they establish that 5heC could stay as
a stable modification in DNA. Finally, we devised a unique
approach for orthogonal labelling of 5heC in DNA for selective
enrichment. To harness the potential of 5heC in controlling
DNA demethylation in cell, we anticipate incorporating 5heC
into genomic DNA; we will employ SAM synthetase to access
ethyl-SAM in cells cultured with ethionine which will be
coupled with the DNA methyltransferase variant to incorpo-
rate 5eC in genomic DNA.*>*' Such ‘one-pot’ cellular assay to
install 5eC and subsequently 5heC in chromosomal DNA by
tapping into the relevant biosynthetic machinery within a cell
will be pivotal in examining the gene regulatory potential of
5eC and 5heC.
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