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Abstract

Enzymes of the ten-eleven translocation (TET) family add diversity to the repertoire of nucleobase
modifications by catalyzing the oxidation of 5-methylcytosine (SmC). TET enzymes were initially
found to oxidize 5-methyl-2’-deoxycytidine in genomic DNA, yielding products that contribute to
epigenetic regulation in mammalian cells, but have since been found to also oxidize 5-
methylcytidine in RNA. Considering the different configurations of single- and double-stranded
DNA and RNA that co-exist in a cell, defining the scope of TET’s preferred activity and the
mechanisms of substrate selectivity is critical to better understand the enzymes’ biological
functions. To this end, we have systematically examined the activity of human TET2 on DNA,
RNA, and hybrid substrates in vitro. We found that, while ssDNA and ssRNA are well tolerated,
TET?2 is most proficient at dsSDNA oxidation and discriminates strongly against dSRNA. Chimeric
and hybrid substrates containing mixed DNA and RNA character helped reveal two main features
by which the enzyme discriminates between substrates. First, the identity of the target nucleotide
alone is the strongest reactivity determinant, with a preference for 5-methyldeoxycytidine, while
both DNA or RNA are relatively tolerated on the rest of the target strand. Second, while a
complementary strand is not required for activity, DNA is the preferred partner, and
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complementary RNA diminishes reactivity. Our biochemical analysis, complemented by
molecular dynamics simulations, provides support for an active site optimally configured for
dsDNA reactivity but permissive for various nucleic acid configurations, suggesting a broad range
of plausible roles for TET-mediated SmC oxidation in cells.
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INTRODUCTION

Long thought to be the only significant DNA modification in mammalian genomes, 5-
methyl-2’-deoxycytidine (5SmdC) is now known to be a substrate for further oxidation.
Oxidative modifications to SmdC, largely in the context of cytosine guanine dinucleotides
(CpGs), are catalyzed by enzymes of the ten-eleven translocation (TET) family, which are
Fe(Il) and a-ketoglutarate (a-KG) dependent dioxygenases. Step-wise oxidation of SmdC
by TET enzymes can yield 5-hydroxymethyl-2’-deoxycytidine (ShmdC), 5-formyl-2’-
deoxycytidine (5fdC), and 5-carboxyl-2’-deoxycytidine (5ScadC)!—3. These DNA
modifications can function as potential intermediates in the long-sought pathway for erasure
of 5SmdC, referred to as demethylation, and can also serve independent functions regulating
gene expression®. For example, ShmdC is thought to activate loci silenced by methylation?,
and intragenic 5ShmdC in DNA may also impact RNA splicing®. The distinctive localization
patterns of ShmdC, 5fdC and 5cadC in sequencing studies further fuels speculation about
additional independent roles in epigenetic regulation’.

Just as 2’-deoxycytidine (dC) modifications are widely prevalent in DNA, modifications to
the 5-position in cytidine (rC) in RNA are also found across all domains of life®-9. 5-
methylcytidine (SmrC) and its oxidized analogs (ShmrC, 5frC, and ScarC) are detectable in
many types of RNA, including mRNA, tRNA, rRNA, and ncRNAS-10, Levels of 5mrC in
total RNA vary across tissues and organisms but can approach levels of 5SmdC in DNA; for
example, in mouse brain, 5SmrC comprises approximately 1% of total cytosines in RNA!1:12,
while 5mdC is 2-5% of cytosines in DNA13-14. By contrast, hydroxymethylation is
approximately 2—3 orders of magnitude lower in RNA than in DNA!3:14, Unlike for SmdC
in DNA, the function of SmrC in RNA is not well established, although potential roles in
nuclear export of mRNA have been demonstrated!?. In Drosophila, ShmrC was found to be
enriched in the coding regions and may favor translation of mRNA transcripts, as more
ribosomes were bound to mRNA containing 5hmrC!°. With regards to demethylation,
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pathways for SmrC “removal” have not been found; however, the loss of ShmrC has been
shown to increase SmrC levels, suggesting the possibility of functional parallels!”.

Although DNA and RNA have unique methyltransferases involved in methylation!®, TET
enzymes appear to be involved in oxidation of both DNA and RNA. In mammalian systems,
all three TET enzymes (TET1, UniProtKB Q8NFU7; TET2, UniProtKB Q6N021; TET3,
UniProtKB 043151) exhibited activity on SmrC 7n vitro and in transfected cells!!. TET1
and TET2 were also detected in an unbiased screen for RNA-binding nuclear proteins in
mouse embryonic stem cells'®. Further support for TET oxidation in both DNA and RNA
comes from studies demonstrating that activity on both substrates can be inhibited by the
same means: Mutations in isocitrate dehydrogenase (IDH) which result in accumulation of
the competitive inhibitor 2-hydroxyglutarate, previously known to impede DNA oxidation,
have also been shown to reduce RNA oxidationZ?. Phylogenetic analysis also highlights a
broader role for TET enzymes in acting on different nucleic acids?!-22. Drosophila again
provide a compelling example in this regard; they lack the canonical SmdC substrate in their
DNA, but have a TET enzyme homologue that appears to act on RNA as a bona fide
substrate!0-23,

The observation of both DNA and RNA oxidation, as well as the diversity of potential
functions of SmdC and 5SmrC oxidation products, makes it a priority to understand how the
nature of the nucleic acid impacts TET activity. No systematic comparison of TET activity
on various configurations of DNA versus RNA has yet been performed, but previous
biochemical experiments and crystal structures provide a strong starting point for
speculating about the mechanistic features involved in DNA versus RNA oxidation?+23, In
the structure of a truncated active human TET2 variant (TET2-CS) bound to a 12-mer
double-stranded (ds) DNA substrate, one of the most striking features is that SmdC on the
target strand is flipped out of the duplex and into the active site of TET, raising questions
about the conformational flexibility required for dC- versus rC-based substrates. Outside of
the target nucleotide, key contacts on the target DNA strand are largely confined to the
phosphate backbone, suggesting the possibility of promiscuity towards nucleic acid identity.
Regarding the impact and necessity of a complement strand, the structure and biochemistry
present conflicting data. Mutations of TET2-CS that could disrupt contacts with the
complementary strand decrease activity on dsSDNA, but the effect on single-stranded (ss)
DNA has not been tested in paralle]**. One study showed that dsSDNA is more reactive than
ssDNA!!, while another suggested that ssDNA is more reactive?®. The relative activities of
TET enzymes on various DNA and RNA configurations are even less well-established. Early
evidence suggested that the catalytic domain of mouse TET1 greatly prefers dsDNA to a
sequence-matched sSRNA substrate. TET-mediated oxidation to 5frC and ScarC has also
been demonstrated and could potentially occur in dsSRNA, though oxidation to these forms
appeared to occur at very low efficiency!!-27,

To better understand the breadth of TET enzyme capabilities, here we have performed a
comprehensive examination of the impact of nucleic acid identity on TET activity, by
systematic variation of the target base, target strand, and complementary strand of the
substrates. Our results show a dominant role for the target nucleotide in dictating the
efficiency of oxidation. Outside of this preference, TET2 has a surprising tolerance for most
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substrate configurations, except for dSRNA, arguing that TET enzyme promiscuity makes
these enzymes suited to diverse biological roles. By placing our biochemical analysis in the
context of targeted molecular dynamics simulations, we further identify structural features
that support this promiscuity as well as potential mechanisms that can explain the observed
spectrum of activity on DNA versus RNA substrates.

MATERIALS AND METHODS

Oligonucleotide preparation.

DNA oligonucleotides were purchased from Integrated DNA Technologies (IDT). RNA
oligonucleotides and DNA/RNA chimeras were purchased from Trilink. All
oligonucleotides were HPLC purified and the masses confirmed. The oligonucleotides were
resuspended in 10 mM Tris-Cl pH 7.5 and quantified by UV absorbance spectroscopy, using
the extinction coefficient at 260 nm for each oligonucleotide. All substrates were diluted to
10 uM (of reactive, methylated substrate, whether single- or double-stranded) in 10 mM
Tris-HCl pH 7.5 and 50 mM NaCl. Duplexed oligos were annealed by heating to 95 °C for
30 s and cooling at 1 °C increments, for 15 s per step, to 4 °C. In order to confirm that the
substrates were not degraded by the annealing process, 5 pmol of oligonucleotides were
analyzed on a pre-warmed Tris-Borate-EDTA/7 M Urea/20% polyacrylamide gel before or
after annealing, and visualized by SYBR Gold (Invitrogen) staining (Figure S1).

Purification of TET enzymes from Sf9 insect cells.

The crystalized human TET?2 variant (TET2-CS) includes residues 1129-1936 A1481—
184324, The full catalytic domains of TET2 (TET2-CD, residues 1129-2002), TET1 (TET1-
CD, 1418-2136), and TET3 (TET3-CD, 689-1660) were also purified. These constructs,
with an N-terminal FLAG tag, were subcloned into a pFastBac1 vector for Sf9 insect cell
expression, as described previously?8. Expression was carried out for 24 hr. Cells from a 1 L
culture were collected and resuspended in lysis buffer (50 mM HEPES, pH 7.5, 300 mM
NaCl, 0.2% (v/v) NP-40) containing cOmplete, EDTA-free Protease Inhibitor Cocktail
(Roche, 1 tablet/10 mL). Cells were lysed by three passes through a microfluidizer at 15,000
psi. The lysate was cleared by centrifugation at 20,000g for 30 min. The supernatant was
then passed two to three times over a 500 pL or 1 mL packed column of anti-FLAG M2
affinity resin (Sigma), prepared according to the manufacturer’s instructions. The column
was washed three times with 10 mL of wash buffer (50 mM HEPES, pH 7.5, 150 mM NacCl,
15% (v/v) glycerol). To elute the bound protein, one column volume of elution buffer (wash
buffer containing 100 pg/mL of 3x FLAG peptide (Sigma)) was incubated on the column for
10 min, and serial elutions were collected until no more protein was detected by Bio-Rad
Protein Assay and SDS-PAGE. The three most concentrated fractions were pooled,
aliquoted, and stored at —80 °C. Protein concentrations were measured using a Qubit 4
Fluorometer (Invitrogen) prior to use in in vitro activity assays.

TET reactions on DNA and RNA substrates.

Substrates were diluted to the designated concentrations in reaction buffer (50 mM HEPES,
pH 6.5, 100 mM NaCl, 1 mM a-KG, 1 mM DTT, and 2 mM sodium ascorbate). Fresh
ammonium iron(Il) sulfate (Sigma) was added to 75 uM prior to initiation, and purified
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enzyme was added last to start the reaction (t = 0), bringing the total volume to 25 pL. This
mixture was incubated at 37 °C for 30 min. Reactions were quenched by addition of pre-
mixed quenching solution (25 uL H,O, 100 pLL Oligo Binding Buffer (Zymo), and 400 uL
ethanol). Oligonucleotide products were purified using the Zymo Oligo Clean &
Concentrator kit, eluted in 10 uL of Millipore water, and analyzed by LC-MS/MS.

Quantification of reaction products by LC-MS/MS.

The purified TET reaction products were degraded to component DNA and/or RNA
nucleosides using 1 uL. of Nucleoside Digestion Mix (New England Biolabs) in 10 pL total
volume for 4 hours at 37 °C. The mixture was diluted 10-fold into 0.1% formic acid, and
approximately 2 pmol was loaded onto an Agilent 1200 Series HPLC equipped with a 5 um,
2.1 x 250 mm Supelcosil LC-18-S analytical column (Sigma) equilibrated to 45 °C in Buffer
A (0.1% formic acid). The nucleosides were separated in a gradient of 0—10% Buffer B
(0.1% formic acid, 30% (v/v) acetonitrile) over 8 min at a flow rate of 0.5 mL/min. Tandem
MS/MS was performed by positive ion mode ESI on an Agilent 6460 triple-quadrupole mass
spectrometer, with gas temperature of 225 °C, gas flow of 12 L/min, nebulizer at 35 psi,
sheath gas temperature of 300 °C, sheath gas flow of 11 L/min, capillary voltage of 3,500 V,
fragmentor voltage of 70 V, and delta EMV of +1,000 V. Collision energies were 10 V for
all bases, aside from C and ShmC for which the collision energies were 25V. MRM mass
transitions were {dC 228.1—112.1 m/z; dT 243.1—127.1; 5mdC 242.1—126.1; ShmdC
258.1—>124.1; 5fdC 256.1—140.0; ScadC 272.1—>156.0; rC 244.1—112.1; S5SmrC
258.1—126.1; ShmrC 274.1—124.1; 5frC 272.1—140.0; ScarC 288.1—156.0}. Standard
curves were generated from standard deoxyribonucleosides (Berry & Associates) and
ribonucleotide triphosphates (Trilink), first digested to nucleosides using the Nucleoside
Digestion mix under the same conditions as above prior to serial dilution, from 1,250 fmol
to 0.614 fmol (Figure S2); sample peak areas were fit to the standard curve to determine
amounts of each modified cytosine in the sample. Results are expressed as the percentage of
each modified cytosine out of all modified DNA or RNA bases detected. Alternatively, to
quantify total oxidation events, we considered that TET enzymes catalyze one oxidation
reaction to generate ShmC, two reactions to generate 5fC, and three reactions to generate
5caC. Therefore, we expressed total oxidation events as 1x(% ShmC) + 2x(% 5fC) + 3x(%
5caC)?.

Molecular dynamics simulations.

Molecular dynamics (MD) simulations were performed using the ff99SB force field with the
pmemd.cuda program from the AMBER16 software suite%-3!, The 5mrC system was
created from a crystal structure of the human TET2-DNA complex (PDBID: 4NM6)24.
Similar to our previous simulations32, the current system includes magnesium as a surrogate
for iron in the active site, coordinated His residues protonated on ND1, and a linker inserted
using Modeller33-34,

The previously published deoxyribonucleotide parameters for cytosine derivatives, a-
ketoglutarate, Mg(II), and Zn were used32, and ribonucleotide parameters for 5SmrC were
generated using PYRED?>-38_ The system with SmrC was generated using the LEaP
module3? and neutralized to a net charge of zero with potassium ions and then solvated in a
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truncated octahedron of TIP3P water extending at least 12 A from the complex surface??.
SHAKE was used for all bonds involving hydrogen, and long-range Coulomb interactions
were treated using the smooth particle mesh Ewald method with a 9 A cutoff*!. Simulations
were carried out with the Berendsen thermostat in the NVT ensemble with a 2 fs time-step
for 100 ns*2.

All dsDNA 5mdC reference calculations were performed with Langevin dynamics. Two
tests were performed in order to validate that meaningful comparisons could be made
between the SmrC system and the previous work with the 5mdC system. These tests
included a single 100 ns run of the SmrC system with Langevin dynamics (minimization in
the NVT ensemble and production in the NPT ensemble with the Berendsen barostat;
collisional frequency of 1.0 ps~!) and a 1 fs time-step, and a single 100 ns run of the SmdC
system with the Berendsen thermostat in the NVT ensemble and a 2 fs time-step used for the
dynamics reported here.

Upon confirming compatibility, each simulation was carried out three times and data were
averaged across replicates. The cpptraj program in AMBER was used to analyze trajectories
for correlations, hydrogen bonding, atomic fluctuations, root mean square deviations,
residue distances, and nucleotide angular parameters*>~*>. Energy decomposition analysis
(EDA) was performed using an in-house FORTRANO90 program to investigate the Coulomb
and van der Waals interactions between individual residues throughout the simulation#6—43,
VMD and the ProDy interface were used in principal component (PCA) and normal mode
(NMA) analyses**0. The first 100 PCA modes were calculated from each trajectory using

5,000 snapshots. UCSF Chimera was used to generate images°.

Design of Substrate Series.

To probe TET’s capacity for reacting with various configurations of deoxyribo- versus
ribonucleic acids, we designed oligonucleotides that permitted systematic analysis of
substrate requirements for TET activity. Two different substrate series were generated for
these experiments, each containing a 16-bp all-DNA oligonucleotide, as well as a matched
all-RNA oligonucleotide, which contain uridine in place of thymidine. These substrates
contain a single 5-methylcytosine (SmC) in a CpG sequence context: SmdC in the all-DNA
substrate (designated as D(M)) or SmrC in the all-RNA substrate (designated as r(m))
(Figure 1A). Given the potential relevance of the sugar identity of the target base, which is
extruded into the active site during oxidation, we also designed chimeric substrates that
could distinguish between the impact of the identity of the target SmC and that of other
nucleotides on the target strand. In the DNA substrate, SmdC was replaced with SmrC
(yielding D(m)), and vice versa for the RNA substrate (yielding r(M)). Thus, Series 1 and 2
each contain four total oligonucleotides: D(M), r(m), D(m), and r(M).

Notably, we designed Series 1 and 2 to be complementary to one another. For Series 2, we
generated two additional oligonucleotides that contained unmodified cytosine, rather than
5mC, in the all-DNA or all-RNA context (D(C) or r(c)). Comparing Series 1 substrates in
the absence or presence of either D(C) or r(C) complementary strands could therefore permit
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us to examine single-stranded versus double-stranded nucleic acids. Furthermore,
complexing Series 1 and 2 substrates that both contain reactive SmC sites could permit an
analysis of activity on different strands in a duplex.

TET activity on 5mdC versus 5mrC.

TET’s activity was first analyzed on the simplest iteration of the series, the all single-
stranded substrates. [n vitro reactions were performed using recombinant TET2-CS24, and
the reacted substrates were purified, digested to nucleosides and analyzed by LC-MS/MS
(Figure 1A, Figure S2). We first examined the product distribution at a 2:1 ratio of substrate
to enzyme. By displaying the data as the relative percentages of each modified cytosine, the
amount of remaining SmC reflects the substrate consumption, while the flux through the
oxidative pathway is given by the relative distribution of the three forms of TET-oxidized
products. Under these conditions with Series 1, the DNA substrate (D(M);) is entirely
reacted, while nearly all the RNA substrate (r(m);) is converted (7% SmrC remaining),
indicating that the RNA is a relatively proficient substrate. The DNA and RNA substrate
reactions do differ, however, in the extent to which they are oxidized: Roughly 80% of the
DNA substrate is converted to the higher oxidized modifications (5fdC and 5cadC), while
the RNA substrate is primarily converted to the first oxidative product, ShmrC (65%) (Figure
1B). With the Series 2 substrates, the general trends all hold, with the exception that TET
less proficiently oxidizes r(m);, with approximately 40% of the SmrC substrate unreacted,
relative to D(M), where SmdC is completely consumed (Figure 1D).

Given that driving conditions could obscure the comparison between relative reactivities of
the all-DNA and all-RNA substrates, we also examined reactivity at an 8:1 ratio of
substrate:enzyme. Under these conditions, there remains 2.6 and 5.2-fold as much RNA as
DNA substrate for Series 1 and Series 2, respectively (Figure S3A,B). To see how far we
could push the oxidation of RNA, we also analyzed the reactivity at a 1:1 ratio of substrate
to enzyme. For both Series 1 and 2, while roughly 60% of 5SmdC is oxidized to S5cadC, there
is very little ScarC generated from 5mrC (12% for Series 1 and none detectable for Series 2)
despite near complete consumption of SmrC (Figure S3A,B). Interestingly, while only 12%
of SmrC remains unreacted for r(m),, it is almost exclusively converted to ShmrC (81%),
suggesting a greater barrier to oxidation from ShmC to 5fC for RNA than for DNA.

To facilitate a more rigorous comparison of the overall reactivity of substrates, we also
analyzed the data for total oxidation events for each substrate. Considering that 5fC and
ScaC both represent multiple catalytic events, total oxidation can be defined as the sum of
the turnover events, namely: (fraction of ShmC) + 2x(fraction of 5fC) + 3x(fraction of
5caC)?%. Analyzing the data this way, the preference for ssDNA over ssRNA is evident and
maintained across different conditions. Specifically, we observed an average of 1.7 and 3.3-
fold more turnovers, for Series 1 and Series 2, respectively, with D(M) substrates relative to
r(m) substrates across the different concentration ratios (Figure 1C,E).

We focused our initial analysis on TET2-CS given that the variant is well-expressed and
more active than full catalytic domain variants of TET2 (TET2-CD). To test the generality of
the preference for ssDNA over ssSRNA across the mammalian TET enzymes, we also
examined the reactivity of D(M); and r(m); with TET1-CD, TET2-CD and TET3-CD.
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Consistent with prior studies, all three TET enzymes are capable of oxidizing both the
ssDNA and ssRNA substrates, and a consistent preference for oxidation of 5mdC in D(M);
over SmrC in r(m); was observed. The proportion of reacted SmdC, i.e. sum of the
percentages of ShmC, 5fC, and 5caC, in D(M); is 6.6-fold that of SmrC in r(m); for TET1-
CD, 1.5-fold for TET2-CD, and 5-fold for TET3-CD (Figure S3C). Thus, activity can
reliably be detected with both DNA and RNA, across two substrate series, a range of
substrate:enzyme ratios, and different TET variants, and ssSDNA appears to be consistently
preferred over ssSRNA for human TET enzymes.

To further explore the mechanistic basis for discrimination between ssDNA and ssRNA, we
next focused on the nature of the target nucleotide relative to the flanking residues of the
substrates. After reacting TET2-CS with D(m){, which differs from D(M); only by the
addition of a single 2’-hydroxyl at the target base, we quantified 5SmrC and the ShmrC, 5frC,
and ScarC oxidation products. With this substrate, the reactivity decreases significantly, with
a turnover that averaged 2.4-fold less across the substrate:enzyme ratios examined relative to
D(M)1, and is more comparable to the all-RNA substrate, r(m); (Figure 1C). The reciprocal
change in the r(M); substrate, which differs from r(m); only by the removal of a single 2’-
hydroxyl at the target base, shows a rescue of activity, with r(M); showing largely
comparable activity to the all-DNA substrate, D(M);. Like the Series 1 substrates, the Series
2 substrates display a similar pattern, where the distribution of oxidized products from r(M),
more closely resembles that of D(M),, while that of D(m), is more similar to r(m), (Figure
1D). Thus, analysis of these chimeric substrate oligonucleotides indicates that the difference
in activity between ssDNA and ssRNA is largely attributable to the target base identity,
rather than the DNA or RNA character of the surrounding bases.

Impact of complement strand on reactivity.

We next sought to evaluate the impact of a complement strand and its nucleic acid identity
on TET activity. The Series 1 substrates, including the all-DNA strand, all-RNA strand, and
the two chimeric oligonucleotides, were each annealed to an unmethylated complement,
either the all-DNA strand, D(C),, or the all-RNA strand, r(c),. Given the wide range of
substrate reactivity observed across these permutations, the substrates were compared at a
1:1 substrate:enzyme ratio using TET2-CS. Under these conditions, the dsDNA
(D(M):D(C),) substrate reacts to near completion, with almost complete conversion of
5SmdC to 5cadC (Figure S4A). Similarly, single-stranded D(M) shows complete
consumption of SmdC, and total oxidation events are 92% of those observed with dsDNA
(Figure 2A), as oxidation to 5cadC is incomplete (Figure S4A). This small decrease in
activity on ssDNA compared to dsDNA is also be observed at a lower substrate:enzyme ratio
where the total oxidation events of sSDNA are also 92% of dsDNA (Figure S4B), even
though the oxidized products of both the ss- and dsDNA substrates are predominantly
5hmdC and 5fdC (Figure S4B). Notably, with the full catalytic domains, TET2-CD shows a
similar small reactivity preference for dsDNA over ssDNA, while TET1-CD and TET3-CD
are essentially agnostic to the presence or absence of the complementary strand (Figure S5).

2526 e generated

As prior studies have hinted at a length dependence to substrate reactivity
two additional SmdC-containing substrates containing the embedded D(M); 16-mer

sequence in a 27-mer or a 60-mer oligonucleotide and compared ssDNA versus dsDNA
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reactivity. Although reactivity of these substrates does decrease with length, the observation
that dsDNA is more reactive than ssSDNA is maintained across all three substrates in the
series (Figure 2B, Figure S6). The observation that ssDNA reactivity is slightly enhanced by
a DNA complement also carries forward to the chimeric substrate D(m);, though notably the
target RNA base in D(m); has the greater effect of lowering overall activity on both single
and double stranded substrates (Figure 2A).

In contrast to the improved reactivity when duplexing DNA with DNA, duplexing any target
strand with RNA dampens reactivity. TET2-CS showed reactivity on the SmdC of the
DNA:RNA hybrid duplex (D(M);:r(c),), but total oxidation events are decreased relative to
the dsDNA substrate D(M);:D(C); (23% reduction); in comparison, D(m); experiences an
even greater reduction in reactivity (68%) when complexed to RNA (Figure 2A).
Interestingly, for the chimeric r(M); substrate, whose reactivity rivaled the all-DNA D(M);
substrate when single-stranded, reactivity decreases when duplexing this substrate to the
DNA complement and decreases further when duplexing to the RNA complement. The
disfavored nature of an RNA complementary strand is most evident with the all-RNA
substrate, r(m), where reactivity is nearly eliminated on the dsRNA substrate, contrary to
prior suggestions that dsSRNA may be a substrate?’. Thus, although the target base identity is
a critical determinant of reactivity with single-stranded substrates, these preferences can be
overridden by disfavored duplex structures in the rest of the substrate.

Activity on symmetrically methylated duplexes.

Our analysis of duplex substrates initially focused on a single reactive SmC site in the target
strand, but we recognized that these substrates are well suited to examining a more complex
question. Considering that most CG:CG dinucleotide pairs in genomic DNA are
symmetrically methylated>2, TET enzymes likely encounter duplex substrates where both
strands contain reactive SmC nucleobases. The DNA:RNA hybrids, D(M);:r(m), and
D(M);:r(m)q, as well as the chimera hybrids, D(m);:r(M), and D(m) ,.r(M)1, are instructive
experimental substrates, as in each case, activity on each strand can be assessed
independently, given that one strand contains SmdC, while the other contains 5SmrC. With
D(M);:r(m); and r(m);:D(M),, we observed nearly symmetrically-reciprocal results, with
high activity on the all-DNA strand and less activity on the all-RNA strand in both cases
(Figure 3A). Notably, comparing these two DNA:RNA hybrids with the dsDNA duplex
(5mC on both strands) shows a greater proportion of the 5mdC converted to ScadC for the
all-DNA substrate (Figure 3B). This result suggests that having an RNA complement strand,
whether it is reactive or non-reactive as above, decreases activity on the DNA strand. With
the chimeric substrates, D(m);:R(M); and r(M){:D(m),, the RNA strand containing SmdC is
more reactive than the DNA strand containing SmrC (Figure 3). This observation is
consistent with a dominant influence for the identity of the target nucleotide over that of the
flanking nucleic acids in the target strand.

Modeling of 5mrC in TET-dsDNA structure.

We have used classical molecular dynamics (MD) simulations to examine the TET2-CS
structure complexed to dsSDNA32 in order to understand the mechanisms that could
contribute to nucleic acid selectivity. Given the importance of the target site identity revealed
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by our biochemical analysis, we converted 5SmdC to SmrC by inserting a single 2’-hydroxyl
at the target SmdC base and then examined its impact on non-bonded interactions and H-
bond dynamics. The MD results provide a qualitative assessment that help explain the
tolerance of TET2 toward SmrC at the target site, as well as the preference for oxidation of
5mdC over SmrC.

The mutation of SmdC to SmrC results in both global and local changes in the structure and
dynamics of the system that help explain the decreased reactivity of SmrC (Figure 4, Figure
S7-9). At a global level, the inclusion of the 2’-OH results in an overall destabilizing
interaction of the DNA with the protein (AEsyqc system - 5mrC system=—47-4 kcal/mol) (Fig
4A). Additionally, the normal mode analysis of both systems suggests that the dynamics are
also affected by the inclusion of the 2’-OH (Figure S7A,B). Interestingly, the substitution of
5mdC with 5mrC in the target strand creates a partial shift from B-form DNA, most
distinctly shown by the change in shift and slide toward A-form character in two base pairs
upstream (5’) of the target base (Figure S8), as well as altered intermolecular interactions
spanning the R1260-R1269 region of the enzyme (Figure S9). The A-form is common in
RNA and DNA-RNA duplexes and in protein-DNA complexes for polymerases and
endonucleases’3. These alterations could partially explain the decreased reactivity of the
SmrC chimeric substrates as well as the more profound defect in oxidation of dsRNA that
was observed.

A more local view of the active site sheds light on differences that can explain the decreased
reactivity of SmrC, but also the preservation of core elements that permit SmrC to be
oxidized. The 2°-OH of 5mrC does not introduce any evident steric conflicts, but results in
the formation of an H-bond with the phosphate backbone of G7, the downstream base in the
CpG dyad (Figure 4, Figure S9, Table S1). This DNA structural change alters the
interactions of the substrate in the active site, including an increase in the predominance of
the H-bonds between G7 and S1290 and K1299 with the simultaneous loss of H-bonds from
T1259 and S1286 to G7. Residues R1261 and R1262, which form key interactions with the
target base backbone (Figure S9) and with the a KG analog, respectively, are stabilized via
additional Coulomb and van der Waals interactions in the SmrC system. Nonetheless,
despite these interactions with the backbone of the target strand, there are changes
suggesting decreased engagement of the nucleobase to the enzyme: In addition to loss of an
H-bond between S1290 and the nucleobase, the H-bond interactions on the Watson-Crick
face of the nucleobase from H1904 are reduced by a third of the overall simulation time in
the SmrC-containing structure compared with the 5mdC system. Notably, other core
components of the active site are largely intact. In particular, we have previously
demonstrated the importance of an active site scaffold in modeling and mutagenesis
experiments, whereby the active site T1372 hydrogen bonds with Y1902, which stacks with
the target cytosine nucleobase to position it optimally for oxidation2. The introduction of
5SmrC does not have a noticeable impact on the intermolecular interactions of the scaffold.

DISCUSSION

Given the expanded recognition of the role of oxidized SmC bases in DNA and RNA
biology, here we employed a systematic approach to explore the nucleic acid determinants of
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TET reactivity. Our results offer a view of the selectivity and promiscuity that characterizes
TET-mediated oxidation and allow for substantiation of a model (Figure 5) that links
reactivity to the nature of the target nucleotide, the flanking nucleotides on the target strand,
and the complementary strand.

Our results uncover a strong association between the nucleic acid identity of the target
nucleotide and TET reactivity. We find that TET enzymes are tolerant to both ssDNA and
ssRNA substrates, but ssDNA substrates are preferred, consistent with past studies!!.
Strikingly, the diminished reactivity of the ssRNA can be rescued by removing the single 2’-
OH from the target nucleotide. Correspondingly, the addition of a single 2’-OH at the target
nucleotide decreases the reactivity of ssDNA to the level observed with the sSRNA substrate.
These results align with findings from an 7n vitro study showing that TET can oxidize
substrates containing 2’-(R)-fluorinated modified cytosines, albeit to a lesser extent than
5mdC-containing DNA>%. In support of our biochemical findings, molecular dynamic
simulations suggest that the addition of a single SmrC in the active site of a TET2-dsDNA
structure can be accommodated, allowing for key nucleobase-orienting interactions to be
maintained, but results in significant energetic and conformational changes surrounding the
target base relative to 5mdC which could explain its altered reactivity. These findings are
interesting to consider in the context of other DNA/RNA modifying enzymes. Some
enzymes, such as the base excision repair enzyme uracil DNA glycosylase, potently
discriminate against a ribonucleotide target using steric discrimination against the 2°-OH>>.
For other enzymes, such as AID/APOBEC family DNA deaminase enzymes, a preference
for a deoxynucleotide over ribonucleotide target appears linked to the preferred sugar
puckers accessible to the DNA substrates>®. The modeling with TET2-CS suggests an
alternative mechanism that can explain tolerance for 5SmrC, but a preference for SmdC. The
SmrC substrate can be accommodated from a steric and conformational perspective, but the
interactions of the reactive base appear disfavored relative to SmdC.

Our biochemical data also inform our understanding of the role of the flanking and
complementary strand nucleotides on activity. dSDNA is the preferred substrate, but
DNA:RNA hybrids are also tolerated when the DNA is the substrate (Figure 5). The only
conformation that appears to be strongly discriminated against is dSRNA. While a single
5mdC can alleviate some of the negative effects of the RNA duplex, it is still strongly
disfavored, possibly due to the discrimination against A-form conformations. The
proficiency for oxidation of ssSRNA suggests that the conformational flexibility available to
single-stranded substrates, but not dsRNA, facilitates promiscuous oxidation of 5SmC. In
considering the impact of the nucleotides outside of the target site, TET2 offers an
interesting comparison to another base-flipping enzyme, the RNA methyltransferase,
DNMT?2. When methylation activity was examined on tRNA substrates, a chimera that
contains a dC in place of rC in the loop region of the tRNA substrate was more, rather than
less, efficiently methylated than the all-RNA natural analog>’. Therefore, rather than having
selectivity primarily dictated by the target nucleotide as we observe for TET2, the flanking
nucleotides and their secondary structure determines reactivity for DNMT?2.

The evident promiscuity in TET family enzymes raises important points with regards to their
physiological function. dsDNA, ssDNA, ssRNA, and DNA:RNA hybrids co-exist in
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mammalian cells and represent four of the five most preferred substrates across our tested
series, which lends biochemical credence to the possibility that TET oxidation products
could be generated in any of these settings. At the same time, the observed promiscuity in
vitroraises questions about how TET-mediated oxidation could be targeted in vivo. For
functions when activity on DNA predominates, spatial regulation is likely to play an
important role. TET1 and TET2 have been shown to primarily localize to the nucleus in both
overexpression studies and in cells, while TET3 localizes to both the cytoplasm and the
nucleus’8-61, Regulation could also involve the non-catalytic domains and/or partner
proteins. Our studies focused on the crystal structure version of TET2 and the catalytic
domains of TET1-3, but full-length TET1 and TET3 have CXXC-domains that can mediate
targeting to non-methylated CpG islands in DNA, while TET?2 is thought to utilize its
ancestral gene neighbor, IDAX, for this purpose®2. For functions where activity on RNA is
thought to predominate, major questions remain open regarding the location and timing of
cytosine methylation in RNA and how selectivity for TET-mediated oxidation could be
achieved.

More broadly, beyond the mammalian TET1-3 enzymes, it will be interesting to see if
promiscuity towards DNA and ssRNA is a shared feature of the TET enzymes found across
the phylogenetic tree, especially in organisms that offer a restricted or unusual selection of
nucleic acid substrates?!-22, TET homologs in some species have been associated with
transposons and retroelements, suggesting the possibility that their activity could be
associated with less conventional nucleic acid intermediates associated with mobile genetic
elements®3. Among the species with distinct TET homologs, Drosophila stand out in
particular since they lack methylated DNA yet have retained a TET homolog that appears to
act on RNA. Whether the proposed impact on protein translation applies to other species, or
whether this represents a unique branch point in the evolution of TET activity, remains to be
explored. Our findings are also interesting to consider in the context of the broader nucleic
acid dioxygenase family, which also includes AlkB family enzymes. The promiscuity of
AIkB enzymes towards DNA and RNA has been thought broaden their function in nucleic
acid repair® and may have been exploited in the evolution of diverse physiological functions
potentially associated with TET enzymes.

The observed promiscuity of TET activity adds to the challenges of studying DNA and RNA
cytosine modifications. In knockouts, phenotypes attributed to activity on SmdC in DNA,
may instead be related to altered oxidation of SmrC in RNA or vice versa. Engineering of
TET2-CS has been able to yield variants with altered selectivity32-65. Our MD simulations
suggest that it may similarly be possible to find mutants with altered selectivity by
manipulating the interactions that differentiate SmdC from 5mrC engagement in the active
site. For example, mutations of key residues such as S1290 or K1299 in TET2 could
potentially enhance or diminish the activity on DNA versus RNA. Indeed, beyond improving
our understanding of the molecular determinants of enzyme selectivity, building enhanced
specificity into TET enzymes could offer tools to better explore their biological roles as well

as expand the power of CRISPR/dCas9-based epigenetic editing biotechnology®®-67.
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TET2 discriminates mostly based on the sugar identity of the target nucleotide rather than
that of the flanking target strand. (A) Workflow showing the substrates and procedures used
in the experiments. (B) Activity of TET2-CS with the Series 1 substrates. Reaction products

were quantified by LC-MS/MS and expressed as the percentage of each base relative to the
amount of total modified cytosine (DNA or RNA). (C) The reaction in (B) was repeated at
three enzyme concentrations, and the reaction products were expressed as total oxidation

events: the generation of ShmC counts once, 5fC counts twice, and ScaC counts three times.

(D-E) The same experiments using Series 2 substrates. Data for individual oxidation

products used to generate (C and E) can be found in Figure S3A,B. All error bars represent

standard deviation for 3—5 independent replicates.
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Figure2.

Double-stranded DNA is the preferred TET substrate, while dsRNA is strongly disfavored.
(A) Activity of TET2-CS on Series 1 substrates, either single-stranded or duplexed to a non-
reactive DNA or RNA complementary strand. (B) Comparison of TET2-CS activity on
sequence-matched ssSDNA versus dsDNA substrates of different lengths. Error bars represent
standard deviation for 2-3 independent replicates.
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Figure 3.
For duplexes with two reactive strands, TET?2 activity on each strand is largely independent

of the other, complementary strand. (A) Series 1 and 2 substrates, each containing SmC,
were duplexed to one another. Reaction products are shown as the total oxidation events on
each strand. (B) Reaction products from the same reactions are also shown as percentages of
each modification for DNA (top half of graph) or RNA (bottom half of graph) targets. Also
included for comparison are results for symmetrically methylated dsDNA and dsRNA,
showing the reaction products for both strands combined.
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Figure 4.

Modeling SmrC as the target base in dsSDNA bound to hTET?2 results in dynamic and
structural changes. (A) The active site of TET2-CS (green) bound to dsDNA (teal)
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containing SmrC. (B) H-bond network and energetic differences in models of the active site
with either 5SmdC (top) or 5SmrC (bottom). H-bonds (present >10% simulation time in at
least one system) are designated by dashed lines, including those that occur in both models

(<10% difference, black). When there is more than one bond that contributes to an

interaction between two molecules, it is shown as a dotted line and the simulation time

present is not shown (see Figure S9 for all contributing data). For H-bonds that occur in both
systems but at different levels ( 210% difference), the bond line is thinner in the system in
which it is less prevalent. Significantly different non-bonded interactions (sum of Coulombic
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and van der Waals energies 31| kcal/mol) between a TET residue and the target 5mC in the
two systems are highlighted according to the relative magnitude of the difference (see Table

S1 for values).
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Figureb.
Summary of substrate determinants of TET reactivity from biochemical findings. The 2’-OH

present in 5SmrC, but absent in SmdC, is shown in parentheses. The complement strand is
shown as a dashed line to indicate that it is not required for TET activity.
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