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Abstract

Methylation of cytosine bases is strongly linked to gene expression, imprinting, aging, and
carcinogenesis. The Ten-eleven translocation (TET) family of enzymes, which are Fe(ll)/2-
oxoglutarate (20G)-dependent enzymes, employ Fe(IV)=0 species to dealkylate the lesioned
bases to an unmodified cytosine. Recently, it has been shown that the TET2 enzyme can catalyze
promiscuously DNA substrates containing unnatural alkylated cytosine. Such unnatural
substrates of TET can be used as direct probes for measuring the TET activity or capturing TET
from cellular samples. Herein, we studied the catalytic mechanisms during the oxidation of the
unnatural C5-position modifications (5-ethylcytosine (5eC), 5-vinylcytosine (5vC) and 5-
ethynylcytosine (5eyC)) and the demethylation of N4-methylated lesions (4-methylcytosine
(4mC) and 4,4-dimethylcytosine(4dmC)) of the cytosine base by the TET2 enzyme using molecular
dynamics (MD) and combined quantum mechanics and molecular mechanics (QM/MM)
computational approaches. The results reveal that the chemical nature of the alkylation of the
double-stranded (ds) DNA substrates induces distinct changes in the interactions in the binding
site, the second coordination sphere, and long-range correlated motions of the ES complexes.
The rate-determining hydrogen atom transfer (HAT) is faster in N4-methyl substituent substrates
than in the C5-alkylations. Importantly, the calculations show the preference of hydroxylation
over desaturation in both 5eC and 5vC substrates. The studies elucidate the post-hydroxylation
rearrangements of the hydroxylated intermediates of 5eyC and 5vC to ketene and 5-
formylmethylcytosine (5fmC), respectively, and hydrolysis of hemiaminal intermediate of 4mC to
formaldehyde and unmodified cytosine proceed exclusively in aqueous solution outside of the

enzyme environment. Overall, the studies show that the chemical nature of the unnatural



alkylated cytosine substrates exercises distinct effects on the binding interactions, reaction
mechanism, and dynamics of TET2.
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1.0 Introduction

Ten-eleven translocation (TET) enzymes are important epigenetic modulators with important
roles in various physiological and pathological processes, especially in embryogenesis, cell
differentiation, carcinogenesis, and neural development.™® Three mammalian family members
of TET proteins have been identified, namely, TET1, TET2, and TET3.%%7 All three TET proteins
contain a similar catalytic C-terminal domain which harbors the conserved double-stranded -
helix (DSBH) fold and a cysteine-rich (Cys) region.>* TET enzymes belong to non-heme Fe(ll) and
2-oxoglutarate (20G) dependent oxygenases that convert 5-methyl-cytosine (5mC) to 5-
hydroxymethylcytosine (5hmC) and subsequently convert 5hmC into 5-formylcytosine (5fC) and
5-carboxylcytosine (5caC).>>’® These oxidized 5mC bases act as intermediates in active DNA
demethylation pathways, involving their conversion to unmodified cytosine via either active
excision or passive replication-dependent processes.”®9 In addition, the different oxidized
intermediates exercise their own epigenetic rules.>®® Studies have revealed that the catalytic
domains in TET enzyme preferentially bind to cytosines on CpG islands without interacting with
adjacent bases.r” TET loss-of-function is firmly associated with cancer; TET2 loss-of-function
mutations are frequently observed in myelodysplastic syndromes, myeloid malignancies, and
peripheral T-cell ymphomas (PTCLs), which are a heterogeneous and poorly understood group
of aggressive non-Hodgkin lymphomas that are resistant to conventional therapies.®

The crystal structure of the human TET2-double-stranded (ds) DNA complex [Figure 1 ] reported
by Hu et al. revealed that the structure contains loop 1, loop 2, GS linker, and three Zn finger
regions of which two of the Zn(ll) regions (Zn2 and Zn3 finger regions) bring the DSBH and the
Cys-rich domains together to facilitate a compact catalytic domain formation,” unlike other
Fe(11)/20G DNA modifying enzymes, AlkB and its human homologues (AlkBH1-8, AIkBH9/FTO),

which lack zn(ll) finger regions.®!'2® Recent computational studies on TET2 and its various



mutants have shown the importance of these structural elements’ correlated motions on the
interaction of DNA with the TET2 enzyme and the overall structural formation.!2

The demethylation process in 20G-dependent oxygenases involves the activation of dioxygen
followed by substrate oxidation.®'1#13-15 The dioxygen activation mechanism, which passes
through the Fe(ll)peroxysuccinate intermediate!®~*® starts with the binding of molecular oxygen
to the Fe(ll) center, leading to the formation of highly reactive Fe(IV)=0 species.’**"2! Various
experimental and computational studies have addressed the mechanisms of dioxygen activation
by non-heme Fe(ll) enzymes.*®2021 After the formation of the Fe(IV)=0 intermediate, it abstracts
a hydrogen atom from the substrate to generate an Fe(lll)-hydroxyl intermediate which
undergoes a hydroxyl rebound reaction with the substrate radical carbon to complete the

hydroxylation.”:19-2

Figure 1: (a) Protein structure for the human TET2-dsDNA complex derived from the average
molecular dynamics (MD) structure of ferryl intermediate simulations with the 5eC substrate. (b)

Overlaid structure of the C5-alkylated 5eC, 5vC, and 5eyC unnatural substrates with the natural



5mC substrate. (c) Overlaid structure of the N4-methylated 4mC, 4dmC substrates with the
natural C5-methylated 5mC substrate. In both (b) and (c), the Fe center depicts the one of 5mC
dsDNA-bound TET2.

A recent work by Islam and co-workers has reported that TET2 can oxidize 5-ethylcytosine (5eC)
to 5-hydroxyethylcytosine (5heC) in a site- and degree-specific manner to offer the mono-
hydroxylated product via benzylic C—H activation.?? The study revealed that C—H hydroxylation
in both the natural 5mC substrate and the unnatural 5eC showed comparable activity, and
further oxidation of 5heC was nearly undetectable, implying that 5heC cannot undergo
successive oxidations as in 5hmC generated after the first oxidation of the 5mC natural substrate
of TET2.22 The hydroxylated product of 5eC acts as a docking site for the protein implicated in
transcription and has the potential to control chromatin-dependent processes.??

Another study by Kohli and co-workers has demonstrated that TET enzymes can also hydroxylate
unnatural nucleobases at the 5-position on the cytosine base, 5-vinylcytosine (5vC), and 5-
ethynylcytosine (5eyC) aside from 5mC in DNA in a similar manner as another Fe(ll) and 20G
dependent dioxygenase,’ thymine hydroxylase, which acts on the free thymine nucleobase.?*?4
TET catalyzes the oxidation of 5vC to produce 5-formylmethylcytosine (5fmC) as the major
product of the reaction. In contrast to 5vC, the 5eyC DNA substrate serves as an alternative
probe, functioning as an activity-based cross-linker of TET enzymes.>?> Oxidation of the 5eyC
substrate by TET produces a high-energy ketene intermediate, which reacts and forms a covalent
cross-link with the TET enzyme. These unnatural substrates have been reported to be used to
detect and quantify the TET activity either in vitro or in cell extracts.%?°

TET enzymes are different from other DNA repair enzymes because the alkyl group to be oxidized
is not linked to a heteroatom,”®1° but the C5-position carbon of the cytosine base. However, the
latest studies by Kohli and co-workers show that TET enzymes are also proficient as direct N-
demethylases of the cytosine bases in a similar manner as the AlkB-type of other DNA
demethylases. They reported that N-demethylase activity can be observed on substrates that

lack a 5-methyl group, and as such, TET enzymes can be similarly proficient in either oxidation of



5mC or demethylation of 4-methylcytosine (4mC) and 4,4-dimethylcytosine (4dmC) substrates,
which have potential biological and mechanistic implications.°

Although the experimental studies discovered the catalytic promiscuity of TET2 with unnatural
substrates, knowledge about the respective catalytic mechanisms and the potential differences
from the natural 5mC substrates is still missing. To complete the missing information, we
performed molecular dynamics (MD) simulations and combined quantum mechanics and
molecular mechanics (QM/MM) studies on the catalytic mechanisms of TET2 with these new
substrates. Also, the accommodation of these substrates with unnatural alkylations in the active
site of TET2 bound to dsDNA would involve conformational changes; it is important to explore
how these changes influence the active site and second sphere residues interactions, long-range
correlated motions in the TET2 enzyme. Hence, this current study aims at completing this missing
knowledge in comparison to our previously reported study on the 5mC natural substrate of the
TET2 enzyme.!? Furthermore, the study aims to explore the mechanisms of the post-
hydroxylation reactions for 5vC and 5eyC that are currently missing as well if these reactions take
place within the enzyme environment or in the water solvent. In addition, this work aims to reveal
that the role of the second coordination sphere (SCS) and long-range correlated motions in the
catalysis of TET2 with unnatural substrates might be important; however, it is completely
unexplored. The study also delineates the role of the SCS residues in stabilizing the TSs with

respect to the RCs in the catalyzed reactions.

2.0 Computational Methods

2.1 System Setup:

The initial structure was obtained from the X-ray crystal structure of human TET2-DNA (PDB code,
4NMB6, in complex with the 5-methylcytosine (5mC) substrate)’ and the missing residues were
added using Modeller.2® The N-oxalylglycine (NOG) used for crystallization was converted to 20G,
and the methyl group of the 5mC substrate was modified to ethyl, vinyl, and ethynyl groups to
give the unnatural 5eC, 5vC, and 5eyC substrates, respectively, using GaussView 6.0. However, in
4mC and 4dmC substrates, the methyl group at position 5 of the cytosine in 5mC was removed,

and the hydrogen atoms at the exocyclic N4 position were replaced with one and two methyl



groups to give the 4mC and 4dmC substrates, respectively. The protonation state of the ionizable
side chain was estimated using Propka,?’ while the Fe-ligating histidine residues were assigned
the protonation state based on visual inspection of their local environment. The Fe(lV) ion is
coordinated by a monodentate succinate, two histidine residues (His1382 and His1881), and one
aspartate residue (Asp1384). The missing hydrogen atoms in the crystal structure were added to
the protein followed by neutralization with Na+ counterions using the Leap module in
Amber18.2% The parameters for the non-standard residues/ligands, succinate, 5eC, 5vC, 5eyC,
4mC, and 4dmC substrates were generated using Antechamber?® as implemented in Amber
package. To generate the Fe(IV)=0 intermediate metal center parameter, we used the Metal
Center Parameter Builder (MCPB.py)3° module in Amber as used in various studies.!*%50:31.32 The
high spin quintet state of Fe was assigned to the ground state as various studies have shown the
preference of non-heme Fe(ll) and 20G oxygenases for this spin state.!*33-3> The 4-coordinated
zinc metal centers and the coordinating residues in the Zn finger regions were described using
Amber's Zinc Amber force field (ZAFF) method.3® The systems were surrounded by a rectangular
box solvated with TIP3P water molecules?” within 10 A from the protein's surface.

2.2 MD Simulations

After the initial setup, the systems were minimized in two steps to remove the bad contacts. In
the first step, only the solvent molecules and Na+ counterions were minimized with the solute
molecules restrained with harmonic potential of 500 kcal/mol/A? while in the second stage of
minimization, all of the systems were geometrically minimized without any constraints. The
minimizations were performed using 5000 steps of steepest descent followed by 5000 steps of
conjugate gradient minimizer. The CPU version of the Amber18 code (SANDER) was used for the
energy minimization. The systems were gently annealed by gradually increasing the temperature
from 0 to 300 K in an NVT ensemble for 50 ps using a Langevin thermostat.3® Subsequently,
density equilibration was done at a constant temperature of 300 K for 1 ns in an NPT ensemble.
The solute molecules were restrained with a weak restraint of 10 kcal/mol/ A2 Thereafter, all of
the restraints were removed, and the systems were further equilibrated for 3 ns in an NPT
ensemble at a fixed temperature and pressure of 300 K and 1 bar, respectively. Production MD

runs were performed for 1000 ns in an NPT ensemble with the target pressure set at 1 bar and a



constant pressure coupling of 2 ps. The pressure was held constant using the Berendsen
barostat,?® and the covalent bonds that contain hydrogens were constrained using the SHAKE
algorithm.%® Long-range electrostatic interactions were treated using the Particle Mesh Ewald
(PME) method*! with a vdW cutoff of 10 A. The GPU version of the PMEMD engine integrated
with Amber18*? was used for the productive MD simulations. The FF14SB*? force field was used
in all of the simulations, and the periodic boundary conditions were also used in all of the
simulations. The obtained trajectories were analyzed using the cpptraj module** in Ambertools
utilities, and the dynamic cross-correlation analysis was done with Bio3D.*

2.3 QM/MM Calculations

The reaction mechanism was performed using combined QM/MM methods. The QM region
included the Fe, oxygen atom of the ferryl, the side chain of Asp1384, the imidazole groups of
the Fe-ligating His1382 and His1881 residues, succinate, and the alkylated bases of the substrates
(5-ethylcytosine, 5-vinylcytosine, 5-ethynylcytosine, 4-methylcytosine, and 4,4-dimethylcytosine
parts of 5eC, 5vC, 5eyC, 4mC, and 4dmC substrates, respectively). The ChemShell suite*® of
programs was used for the QM/MM calculations. The QM calculations were performed with
Turbomole*” and the MM calculations with DL_POLY*® software. The MM region was described
using the Amber ff14SB force field,** and the electronic embedding scheme® was used to
describe the interaction between the QM and MM regions. The QM/MM boundary was treated
using hydrogen link atoms. The B3LYP functional with def2-SVP basis set was used for all
geometry optimizations as in previous studies.!*!’ Afterward, a relaxed potential energy scan
was performed along the reaction coordinate with 0.1 A increment to locate the transition states.
The DL-find optimizer®® implemented in ChemShell was used for reactant optimization and
scanning while the transition states were reoptimized using the partitioned rational function
optimization (P-RFO) algorithm in the HDLC code.>! The local minimum and the first-order saddle
points were verified with frequency calculations. The energies of optimized stationary points
were recalculated via single point calculation using def2-TZVP basis set (labeled BS) for all of the
atoms. Grimme’s D3 dispersion correction®? was applied in single-point calculations. Energy

decomposition analysis (EDA) calculations were then performed on the optimized stationary



point geometries using the method developed by Cisneros and co-workers>3->° to determine the
energetic contributions of the individual residues.
3.0 Results and Discussion

3.1 Structure and Dynamics of the ES Complex for Substrate Oxidation (Fe(IV)=O of Human
TET2 with dsDNA Containing Different Alkylated Substituted Bases: 5eC,5vC, and 5eyC)

The Fe(IV)=0 intermediate is the reactive oxidizing complex that performs the oxidation of
alkylated substrates in 20G oxygenases; #112153b56 hence we performed MD simulation of 1 ps
on the ferryl complexes of TET2 bound to 5eC, 5vC and 5eyC alkylated dsDNA substrates, enabling
us to gain insight into the conformational dynamics of the complexes. Figure S1 shows the root
mean square deviations (RMSDs) of the protein-DNA complexes of the systems. The RMSD
profiles show the stability of the complexes during simulations. Furthermore, the O-C distance
and Fe-O-C angle, which are crucial for efficient substrate oxidation®’#>® show average values
between 3.43 to 4.67 A and 115.89 to 140.48°, respectively [Figures S2 and $3]. Analyses of the
primary coordination sphere show that the Fe(lV) center is stabilized by several interactions. For
example, the backbones of the Fe-coordinating histidines (His1382 and His1881) are stabilized
via hydrogen bonding interactions with each other [Figure S4] similarly as TET2 bound to the
natural 5mC substrate. In 5mC substrate complex, we observed that the non-coordinating oxygen
of the aspartate ligand is stabilized by a solvent-mediated hydrogen bonding interaction with
Asn1387 (in 74.7% of the trajectories).'> However, in 5eC substrate complex, the interaction
weakens and reduces to 10.2%, likely due to steric effects arising from the variations in the size
of the alkyl substituents. The stabilization of the non-coordinating oxygen of Fe-coordinating Asp
or Glu residues is a common feature in 20G enzymes.®>’® For example, in AlkB and AlkBH2, an
Arg residue forms direct hydrogen bonding interactions with the non-coordinating oxygen of the
Fe-coordinating carboxylate residue while in histone JmjC demethylases, KDM4A/E and KDM7B,
Asn is employed.?>*'”1® The networks of hydrogen bonding interactions [Figure S4] of iron
coordinating His1382, Asp1384, and His1881 residues with the backbones of His1380, Ala1876,
and Glu1879, respectively, in 5eC substrate are preserved as in the natural substrate, enhancing
the stability of the Fe center (Table S1). The non-coordinating carboxylate part of the succinate

is also stabilized via hydrogen bonding interactions with Arg1896 (70.8%) and Ser1898 (84.4%)



like in 5mC substrate.!? The heteroaromatic cytosine ring of the substrates are stabilized by n-
stacking interactions with Tyr1902, which is conserved during the simulations in both 5mC and
5eC substrates [Figure S5] and thereby aid the orientation of the substrate in the active site. The
substrates' exocyclic amine (N4) in both complexes are stabilized by hydrogen bonding
interactions with Asn1387. These interactions are very stable in both complexes, especially
during the last 500 ns of the simulation [Figure S6]. The stable hydrophobic interactions [Figure
S7] between the methylene group of the ethyl substituent in the 5eC substrate and methylene
C2 of the Fe-coordinated succinate and Val1900 likely help in the proper orientation of the
reactant complex.

The principal component analysis (PCA) [Figure 2a], which shows the flexible parts of the protein,
and the direction of motions®%% reveal major motions in the GS-linker and loop 2 (L2) regions in
TET2-dsDNA-5eC, unlike in 5mC*? where in addition to those two motions, the cysteine-rich N-
terminal (Cys-N) region and the DNA also experienced some motions. The GS-linker and L2 in
TET2-dsDNA-5eC complex move towards the solvents; in contrast to TET2-dsDNA-5mC complex,
the same regions move towards the binding surface to aid better binding of the protein to DNA.
Also, the observed motions in the DNA and Cys-N regions, which move toward the protein, help
in the compaction of the protein-DNA complex in TET2-dsDNA with 5mC dsDNA substrate. These
observed differences might be related to the pressure on the enzyme exercised by the unnatural

5eC substrate.
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Figure 2: Principal component analysis (a) and dynamic cross correlation (b) of the ferryl complex
of TET2 bound to 5eC dsDNA substrate. Residues numbers are as follows: 1-445 (TET protein),
446-448 (Zn), 449 (Fe), 450 (0), 451 (succinate), and 452-475 (DNA). In part (b), residues numbers
range 6-17, 157-181, 332-363, and 452-472 on both axes denote the Cys-N, L2, GS-linker, and

DNA, respectively. Yellow to blue represents the direction of motion of residues in part (a).

In addition, the distance between the center of mass of the protein and that of the DNA [Figure
S8] reveals average values of 22.3 and 27.1 A for TET2-dsDNA-5mC and TET2-dsDNA-5eC
complexes, respectively, indicating that the former complex is more structurally compact than
the latter. The observed motions in TET2-dsDNA-5eC complex likely explain the observed
expansion of the protein-DNA complex.

The dynamic cross-correlation analysis (DCCA) [Figure 2b] demonstrates that several correlated
motions are similar to the TET2 complexed with the natural 5mC substrate. For example, the
positively correlated motion of GS linker and L2 with L1, DNA, DSBH core antiparallel B7 and 317,
and Zn3 site are also preserved in TET2 bound to 5eC substrate. However, the characteristic
correlated motions between L2 and the Fe-coordinating HxD motif loop observed in TET2 with
the natural substrate disappear.? The long-range correlated motions observed in TET2-dsDNA-
5eC complex might assist in the interaction and binding of DNA to the TET2 protein, thereby
enhancing the overall structural formation and stability via long-range interactions.

3.2 Dynamics of Fe(IV)=0 species of TET2 bound to N4 methylated 4mC and 4dmC dsDNA
substrates

The dynamics of the TET2 bound to 4mC and 4dmC substrates reveal similar interactions in the
active center as well as in the second sphere region with the details presented in the S| (section
1). In TET2-dsDNA-4dmC complex, the PCA [Figure 3b] show motions in the GS-linker, cys-rich N-
terminal (Cys-N), and GS-linker supporting 312 and 313, while in TET2-dsDNA-4mC [Figure 3a],
the cys-rich N-terminal (Cys-N), 312 and 13 regions become rigid with new motions in the DNA
and loop 2 (L2) regions. These observed motions differ from TET2 bound to natural 5mC
substrate, which reveals motion in three different regions (i.e., GS-linker, DNA, and Cys-N). In

TET2-dsDNA-4dmC, the Cys-N moves towards the loop containing the binding residues from the
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Zn1 finger region. B12 and B13 sheets, which support the GS-linker, move towards Zn2 finger
binding residues. These motions aid in stabilizing the first two Zn finger regions via long-range
interactions, which in turn assist in the overall structural stability of the protein-DNA complex.
However, in TET2-dsDNA-4mC, the GS-linker region moves toward 312 to enhance its stability
while L2 and DNA move in parallel and potentially weaken the interactions between the L2 and
the DNA. The DCCA of TET2-dsDNA-4dmC [Figure S9] confirms that the Cys-N region has a positive
correlation with the Zn1 finger region and its coordinating residues while the GS-linker has a
positive correlation with L1, L2, DNA, 6 and 7 elements of DSBH core, supporting the
experimental data on the importance of the linker in DNA binding. The antiparallel $12 and 13
regions that support the GS-linker positively correlate with each other, thus increasing the linker
stability.

However, in TET2-dsDNA-4mC complex [Figure S10], the L2 positively correlates with the Zn3
finger region and its coordinating residues, DNA, and the iron-coordinating HxD loop, while the
GS-linker shows a positive correlation with DNA, L1 and 312. DNA shows a positive correlation
with L1, L2, GS linker, 316 and 317 of DSBH core, Fe-coordinating His1382, Asp1384, and loop
containing the HxD residues. Overall, the long-range correlated motions in both complexes might
aid in DNA recognition and binding to TET2 and specifically in the overall structural stability of

the ES complex.
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Figure 3: Principal component analysis of the ferryl complex of TET2 bound to 4mC dsDNA (a)
and 4dmC (b) substrates. Residues numbers are as follows: 1-445 (TET protein), 446-448 (Zn),
449 (Fe), 450 (0), 451 (succinate), and 452-475 (DNA). Yellow to blue represents the direction
of motion of residues.

3.3 Reactions Mechanisms of TET2 with dsDNA containing 5eC, 5vC, and 5eyC

To understand the mechanisms of 5eC, 5vC, and 5eyC dsDNA substrates oxidation by the highly
electrophilic Fe(1V)=0 intermediate of human TET2, we performed computational studies using
combined QM/MM methods as depicted in scheme 1. The substrates oxidation has been
proposed to occur via two stages:#112193561 ) hydrogen atom abstraction (HAT) and ii) rebound
hydroxylation or desaturation. Due to the chemical nature of the alkyl substituents in 5eC and
5vC substrates, different alternative pathways for HAT can occur to generate the radical
substrates intermediates, which either undergo rebound hydroxylation or desaturation via the
second HAT to give the alcohol or desaturated products, respectively (Scheme 1). Previous
experimental and computational studies have reported a high spin quintet state as the ground

state for the ferryl species,’/1833:3462 hence, this study was conducted at this spin state.
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Scheme 1: Possible reaction mechanisms pathways explored for the oxidation of the unnatural
5eC, 5vC, and 5eyC dsDNA substrates by TET2.

3.3.1 Mechanism of 5eC Substrate Oxidation

3.3.1.1 Hydrogen Atom Abstraction

To explore the oxidation of 5eC, we first performed the HAT from the alkyl group of the lesioned
DNA substrate by the highly reactive Fe(IV)=0 species, leading to the Fe(lll)—OH intermediate
and a radical substrate. Various studies have reported HAT to be the rate-determining step in
20G oxygenases.1217/1915b356162 The HAT was carried out on both the CH, (C.) and CHs (Cp)
carbons of the lesioned substrate to determine the regioselectivity of oxidation on the ethyl
group of the 5eC substrate, resulting in the formation of the Fe(lll)—OH center, and a secondary
radical (R—°CH—CHs) (IM1eq) and a primary radical substrate (R—CH>—°CHz) (IM1e),
respectively. To evaluate the effect of conformational flexibility on the rate-determining HAT
step, we used five (5) well-equilibrated structures from the last 500ns production MD trajectories
by taking the average O—C distance and Fe—O—C angle into account, as these have been shown
to determine the substrate oxidation efficiency.3>%% The calculated energy barriers at the
B3LYP/def2-TZVP (BS) + ZPE level for the five (5) snapshots vary between 15.8 and 23.3 kcal/mol,
and 17.4 and 25.7 kcal/mol for HAT from CH, (C.) and CHs (Cp) carbons, respectively. The
Boltzmann weighted average was found to be 16.7 and 18.4 kcal/mol for HAT from CH> (Cy) and
CHs (Cg), respectively, which is in agreement with the previously reported HAT barriers for
Fe(l1)/20G dependent enzymes.1217:1937.61 The slightly higher barrier obtained in the latter likely
reflects the preference for HAT from the methylene (CH>) carbon of the ethyl substituent of 5eC
substrate, which is also partly confirmed from the O—C, and O—Cg distances plots from the
productive simulation [Figure S11]. Subsequent calculations were done using the structure that
gives the lowest energy barrier for the HAT. Figures 4, 5, and S12 summarize the calculated
energy profile and the stationary point geometries for the hydroxylation and desaturation
reactions of 5eC dsDNA to give the alcohol and desaturated products, respectively.

Both transition states, TSHiea and TSuiep for HAT from Cy and Cp, respectively, have the Fe—O
bond elongated from 1.62 A to a nearly similar distance of 1.76 and 1.78 A, respectively [Figure

5]. The Fe—O bond polarizes at the TS to form an efficient electron acceptor, ferric-oxyl species.3*
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In addition, the C—H and O—H distances are 1.24 A and 1.44 A, respectively, in TShieo but are
1.24 and 1.34 A, respectively, in TSuiep. The obtained electron spin density of 4.00 and 4.05 for
the Fe at TShieo and TSwiep, respectively, confirm the ferric nature of the Fe center in both
pathways at the transition states. The two transition states show a difference in the orientation
of the substrate ethyl group with respect to the iron-oxo species. The Fe—0O—H angle in TSu1ea
is 152.56° while the corresponding Fe-O-Hp angle is 143.06° in TSniep. The variation in the angles
is likely due to the type of carbon where the hydrogen is to be abstracted from (i.e., CH2 (Cq) vs

CHs (Cg)), as the substrate ethyl group has to undergo changes to favor the respective HAT.

TSHzeu
23.7

Figure 4: QM/MM potential energy profile for the hydroxylation and desaturation reactions of
5eC dsDNA substrate by TET2, calculated using UB3LYP/def2-TZVP with ZPE. The relative

energies are in kcal/mol.
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Figure 5: The transition states structures obtained during hydroxylation and desaturation
processes of 5eC dsDNA by TET2. Distances (A), the spin densities are in black and red,
respectively, while the Fe—O—H and C—H—O0 angles are in degrees.

During the hydrogen atom abstraction, one electron from the substrate is transferred to the
Fe(lV)=0 species to give the Fe(lll)—OH intermediate. Two possible pathways have been
proposed in the literature for the electron transfer'’.6364 [Figure 6]: i) c-pathway, where an a-
spin electron is being transferred from the substrate to the unoccupied antibonding c*,2 orbital
of the Fe, resulting in a fully exchange-enhanced Fe 3d orbitals with five unpaired electrons and
leaves a B-electron on the substrate. ii) m-pathway, where a 3-spin electron is transferred into
one of the singly occupied antibonding ©* orbitals of the Fe(IV)=0, resulting in an c-electron

remaining on the substrate.
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Figure 6: Possible reaction pathways for the HAT by the ferryl complex.

During the HAT via both Cyand Cg, the electron transfer proceeds via o-pathway as an a-electron
is transferred from the substrate to the *,? orbital Fe(IV)=0, leaving a 3-electron on the radical
substrate, thereby strengthening stabilizing exchange interactions with other unpaired electrons
of the Fe 3d-orbitals. The calculated spin densities for the Cy and Cg at the transition states are -
0.224 and -0.354, respectively, supporting the transfer of an a-electron to the Fe(IV)=0 c*;?
orbital. The spin natural orbital (SNO) of the two HAT transition states presented in Figures S13
and S14 also supports the electron transfer mechanism. Also, the values of Fe—O—Hy and Fe—
O—Hp angles - 152.56° and 143.06°, respectively, additionally support the G-transfer mechanism.
Even though in an ideal case, a Fe—O—H angle of 180° is preferred for an effective o-transfer®364
but numerous cases in the literature are reported for o-transfer at angles quite lower than the
ideal 180°.17/1935 Geometric constraints (described in the MD analysis) facilitate the stability of
the 5eC and its proper orientation in the protein environment. Studies on other 20G oxygenase
enzymes have also reported similar Fe—O—H angle values for HATs that proceed via o-
pathway.!’%3> The c-pathway is conserved in all the snapshots [Table S2] for the HAT via both
the Cy and Cp, implying that the change in conformational flexibility does not alter the MO
mechanism of the HAT. Thus the c-transfer HAT is conserved across 5eC and 5mC substrates.
Similar to the natural 5mC substrate, TSnieo and TShiep are stabilized by second coordination
sphere residues. For example, the cytosine base of the substrate is stabilized via stacking

interactions with Tyr1902 and His1904 while the Asn1387 sidechain and NH group of His1904
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form hydrogen bonding interactions with exocyclic N4 amine and N3 of the substrate,
respectively, aiding in the proper orientation of the substrate in the active site. A series of
hydrophobic interactions of residues Thr1393, Val1395, and Val1900 in the vicinity of the Fe
center and the substrate also enhance the stability of the two transition states [Figures S15 and
S16].

Importantly, in the 5eC HAT transition states, the non-coordinating oxygen of the Fe-ligating
Asp1384 is stabilized by hydrogen bonding interaction with the hydroxyl group of Thr1393, which
was not observed in 5mC.1? Furthermore, the stabilization of the methylene (CH,) and methyl
(CHs) groups of the ethyl substituent of 5eC substrate by the isopropyl sidechain of Val1900 varies
in both TShiea and TShiep. In the TShHiea, the methyl part of the ethyl group is better stabilized by
hydrophobic interaction with the Val1900. In contrast, in TSuieg, the methylene moiety of the
ethyl group is more favorably stabilized one via the same interaction.

The dynamic correlation analysis of these TSs stabilizing residues using the dynamic correlation
plot from the simulation performed for the ferryl species of the enzyme complex shows that
residues Thr1393, Val1395, and Val1900, which are involved in hydrophobic interactions, have a
positive correlation with anti-parallel DSBH core 7 and 17, the loop containing Fe-chelating
HxD motif, and Cys-rich 36 while Asn1387 shows a positive correlation with DNA interacting loop
(L2) residues, Fe center, and the ferryl oxo group, suggesting their importance in catalysis and
DNA binding. Tyr1902 and His1904 that stabilize the cytosine ring of the substrate have a positive
correlation with Zn3 site, GS-linker, the loop containing HxD Fe-chelating residues, and DNA.
These correlated motions are similar to what was observed in the HAT transition state for TET2
bound to the natural 5mC dsDNA substrate, implying that TET2 uses a universal network of
correlated motions of catalytically important interactions for both the 5mC and the unnatural
5eC substrate.

After the formation of the transition states, the reaction leads to Fe(lll)—OH and radical substrate
intermediates, IM1eq and IM1ep for respective HAT from Cy and Cp. In both intermediates, the
O—H distance reduces to 0.97 and 0.98 A in both complexes, respectively, and the Fe—O bond
elongates to 1.88 and 1.87 A, respectively, when compared with the starting distance of 1.62 A

in the RC. These values signify the formation of the ferric-hydroxo intermediate with spin
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densities of 4.24 for Fe, pointing to the intermediates' Fe(lll) character. The IM1¢q is 2.8 kcal/mol
lower in energy than the RC while IM1¢p is 4.8 kcal/mol above the RC, implying that the formed
radical intermediate is exothermic and better stabilized via HAT from Cy than from Cp. The
difference in the stabilities of the intermediates is likely due to the formation of a benzylic radical
substrate intermediate in IM1eq in comparison to the formation of primary radical substrate
intermediate in IM1eg. The benzylic radical is more stable than the primary radical due to the
resonance stabilization effect of the benzylic radical. Overall, the HAT from C is both kinetically
and thermodynamically favorable when compared to Cg as the former occurs via a lower barrier
than the latter with a more stable relative energy of the formed radical substrate intermediate.

The QM/MM calculations of the HAT step were also performed in solution, without the protein
environment. The rate-determining barrier (18.8 kcal/mol) is consistent with those reported
within the protein environment (15.8 kcal/mol). The Fe(lll)—OH - radical substrate intermediate,
however, is endothermic, unlike in the protein, likely illustrating the importance of the protein
environment in the stabilization of the Fe(lll)—OH — substrate radical intermediate [Table S3].
We performed additional QM/MM calculations with two different QM region sizes of atoms 56
and 83 in the QM region (for more details, see Table S3 in the Sl). The QM/MM calculations for
5eC substrate show slight changes in the HAT energy barrier (values of 14.3 and 16.7 kcal/mol in
models with 56 and 83 QM region atoms, respectively) and the stability of Fe(lll)—OH
intermediate [Table S3]. The results were also compared with the one of QM-only model where
the rate-determining HAT barrier is higher by ~8kcal/mol and the Fe(lll)-OH radical intermediate
is destabilized by ~9kcal/mol [Table S3] when compared to the QM/MM model, highlighting the
vital importance of the MM environment in the catalysis.

3.3.1.2 Hydroxylation and Desaturation of 5eC Radical Substrate Intermediates

After the formation of the Fe(lll)—OH species and radical substrate intermediates, the hydroxyl
group from the ferric-hydroxo species can either undergo rebound to the radical to produce
alcohol products or abstract second hydrogen atom from the adjacent C—H bond to form the
desaturated products with Fe(ll)—OH; center. From the IM1eq, the process of OH rebound passes
through TSgeeq With a barrier of 5.2 kcal/mol from the intermediate. However, the abstraction of

the second hydrogen atom that initiates the competitive desaturation reaction passes through
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TShaeo that is 2.3 kcal/mol higher than the rebound transition state TSgeeq, Suggesting that the
rebounding of OH to the radical substrate might be more preferable than the abstraction of the
second hydrogen from the C—H bond of the substrate radical to form the desaturated product.
Due to the small difference in the activation barriers, however, both types of reaction could still
occur with close probability. Analysis of the TSreea and TSHzea geometries reveal that in TSggea,
the Fe—O bond elongates to 2.16 A while the C,—O bond shorten to 2.59 A when compared to
3.51 A in IM1e, pointing to the readiness to form the hydroxylated product. In the desaturation
pathway involving the second HAT from Cg, in the TSuzea, the Fe—O bond lengthens to 2.06 A
with O—H and Cs —H distance of 1.66 and 1.19 A, respectively, depicting a more reactant-type
transition state structure. In the TS for the second HAT, Fe—O—H angle is 143.69, which deviates
from the first HAT from C, (152.56°), implying that the process of abstracting second hydrogen
to form Fe(ll)—OH; involves a slight change in the orientation of the substrate to favor the
desaturation.

Furthermore, we explored the possibilities of both rebound and desaturation from IM1ep. The
desaturation barrier, TSnzep, via second HAT, is 14.4 kcal/mol higher than the rebound one, TSggeg,
indicating that the rebound occurs through a lower energy path than the desaturation. The
rebound and desaturation reactions from IM1ep being less favored than IM1eq could be due to
the structural differences in the radical intermediate formed after HAT and, in particular, the
orientation of the alkyl substituent in the substrate. In addition, long-range interactions could
contribute towards the preference of IM1eq vs. IM1eg. Analyses of the key distances for both
transition states are similar to the observed results from IM1eq (Figure 5). The hydroxylation and
the desaturation from IM1eq result in highly exothermic PDonea and PDpseo products, with the
energy of -47.0 and -44.3 kcal/mol, respectively, indicating that the hydroxylated substrate is
both kinetically and thermodynamically preferred. The distance of 1.42 A for C,—O confirms the
formation of hydroxylated product (PDowea), While in the case of desaturation (PDpsea), Ca—Cp
and Fe—O distance of 1.34 and 2.13 A, depict the formation of C,=Cp unsaturated and Fe(ll)—
OH; bonds, respectively.

Similarly, the formed PDonep and PDpsep from IM1egare also highly exothermic by -31.6 and -41.7

kcal/mol, respectively, but the desaturated product is ~10 kcal/mol stable than the alcohol
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product even though the alcohol product occurs via a lower rebound barrier than the one for
desaturation [Figure 4]. The result indicates that in the Cg-centered reaction, rebound
hydroxylation is kinetically preferred while desaturation is thermodynamically preferred. This
observed reactivity pattern from IM1eg implies that the rebound is favored over the desaturation,
but the relative energies of the corresponding product give a more stable PDpseg than PDotep.
Overall, the substrate oxidation either via CH, (Cy) or CHs (Cp) results in more stable products
than the RC. The C—H activation from Cy gives both stable PDonea and PDpseq products than the
ones from Cp. The Cy hydroxylation product is more stable than the desaturation product, while
in Cp, the reverse is the case. In both cases, the rebound hydroxylation proceeds with lower
activation energy than the desaturation reaction. The stability of products formed via CH, (Cy)
and the lower barriers involved when compared to CHs (Cp) likely show the preference for
substrate oxidation at the CH; position over the terminal CHs position of the ethyl group.

The DFT-D3 dispersion corrected energies at BS + ZPE level show the same trends as the
calculations without D3 correction with slight differences in both reaction barriers and reaction
energies (for more details, see Tables S4-S7 in the SI).

3.3.1.3 Energetic Effects of Individual Residues on the Stabilization of the Transition States and
Products

To obtain further insight into the energetic contributions towards the stabilization of the TSs of
HAT, rebound and desaturation reactions, we performed energy decomposition analysis
(EDA)**>> on the QM/MM optimized RC, TShiea, TSHiep, TSreeo, TSH2eq, TSH2ep, TSrBep, PDoHea,
PDpsea, PDornep, and PDpsep. We calculated the differences in the non-bonded intermolecular
interaction energies (i.e., the Coulomb and van der Waals) between the individual residues of the
MM environment and the QM region when the system goes from the reactants to the transition
states and the products.>*>> A negative contribution refers to a stabilizing contribution to the
transition states and products, while the opposite applies to a positive one.>*>>

The EDA [Figure 7 and Table S8] based on the optimized structure of HAT transition states, TSHiea
and TSwiep, and the RC reveal that C1263, R1269, H1380, and E1874 contribute sensitively to the
stabilization of TSHiea. In contrast, the transition state TSuiep is stabilized by T1372 and T1393.

The variations in the magnitude of energetic contributions and the residues likely account for the
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observed lower barrier for TSuieo than TSwiep. For the rebound reaction, the TSggea is stabilized
by H1380, C1263, and charged residues K1299, E1874, and E1879 while in TSrees, charged
residues R1261 and E1874 destabilize the rebound transition state. The desaturation TShzeq and
TSh2ep are stabilized by similar residues, C1263, K1299, H1380, T1393, E1874, and E1879 but with
different magnitude of energetic contributions, and this likely contribute to the lower barrier
observed for TSuzea When compared to TShaep.

The alcohol product of the rebound to Cg, PDoweg, is stabilized by both positively and negatively
charged residues, R1261, R1269, K1299, D1376, K1826, E1874, and E1879 while in PDoHeqs, K1310
and K1905 further stabilized the product in addition to the one observed for PDouep. The
energetic contributions of these stabilizing residues are significantly greater in PDohea, than
PDoneg, and this might likely be one of the reasons for a more thermodynamically stable PDoweq
over PDonep product. Notably, the desaturated products, PDpse« and PDpsep, are stabilized by
different residues, R1359, V1371, and T1393, while R1261 significantly destabilizes the two
products.

Experimental mutagenesis studies have shown that mutation of some of these transition
states/products stabilizing residues either results in reduction/loss of enzymatic activity and
might lead to refractory anemia and chronic myelomonocytic leukemia.”®>®® For example,
mutant K1299E/S1303N has been reported to significantly reduce TET2 activity and also result in
refractory anemia.” T1372E mutant has been demonstrated both experimentally and
computationally to halt the successive oxidation of 5hmC to 5fC/5caC >*%” while variant T1393A
reduces the oxidation of 5mC to 5ShmC by 75% in TET2.%® The identified residues are part of the
network of electrostatic and Van der Waals interactions that most strongly contribute towards
the energetic stabilization of the TS and PD in respect to RC. These residues may be important as

potential targets for mutagenesis studies.
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Figure 7: Energy decomposition analysis (EDA) of the residues stabilizing the transition states

and the products.

3.3.2 Oxidation of Unsaturated Substrates by TET2

In a recent study, TET2 enzyme has been reported to be catalytically active towards unsaturated
5-vinylcytosine (5vC) and 5-ethynylcytosine (5eyC) substrate similar to saturated 5-ethylcytosine
(5eC) and 5-methylcytosine (5mC) substrates.’ We explored the oxidation of the 5vC and 5eyC
substrates. The Fe(IV)=0 intermediate can abstract a hydrogen atom from either carbon (.i.e., Cy
or Cp) of the 5vCvinyl group in a similar manner as the ethyl group in 5eC while in 5eyC substrate,
the intermediate can only abstract the terminal hydrogen atom [Scheme 1]. After the HAT, the
radical substrate intermediate undergoes rebound to give the hydroxylated product in 5eyC
while in 5vC, both alcohol and desaturated products are possible.

3.3.2.1 Hydrogen Atom Abstraction in 5vC and 5eyC Substrates

The HAT step was studied using 5 well-equilibrated snapshots from the MD to understand the
effect of conformational dynamics on this rate-determining step. The Boltzmann weighted
average barrier of 22.7 kcal/mol is found for 5eyC while 19.4 kcal/mol and 23.3 kcal/mol are
obtained for HAT from Cy and Cg, respectively, for the 5vC. These barriers are slightly higher than

the reported HAT barriers for 5mC and 5eC substrate, likely due to the unsaturated nature of the
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vinyl and ethynyl groups of 5vC and 5eyC, respectively, making the C—H bonds to be slightly
stronger in both than in 5mC and 5eC substrates. Despite the variations in the barriers, they are
all in good agreement with the previously reported values for the HAT for non-heme Fe(ll) and
20G dependent oxygenases.'>185461 Sybsequent calculations were then performed using RCs
that showed the lowest barriers.

In the 5vC substrate, HAT from Cp is 3.6 kcal/mol higher than the one from C,, implying that the
rate-determining HAT from Cq, is faster than Cg, and thus likely shows the preference of HAT from
Cu over Cg. This can be due to the combined effects of the closer proximity of the Ca-H bond to
the Fe(IV)=0 species than CB-H and the restriction in the conformational freedom of the vinyl
group inside the TET2 pocket, which may be partly due to the rigid C=C bond of the vinyl
substituent.

Figure S17 shows the transition state geometries, TSHive and TSwivg, for HAT from Cy and Cg,
respectively, for 5vC substrate. TSuive has a symmetric HAT transition state with nearly equal
O—H and C—H distances of 1.28 and 1.27 A, respectively, whereas in TSu1, the transition state
is product-like, i.e., late TS with the transferring hydrogen atom closer to the acceptor atom than
the donor atom. The values obtained for O—H and C—H distances are 1.14 and 1.39 A,
respectively. In both TSs, the Fe—O bond elongated to similar distances of 1.79 A for TSxiva and
1.75 A for TSuwp. The Fe—O—H angle varies from 135.22 to 150.88° in the TSuiva from the five
scans, whereas in TS, the values between 114.52 and 120.65° are obtained, indicating that an
a-electron might be shifted from the substrate to the Fe(IV)=0O orbital in TSHiva, While a -
electron might be transferred in the case of TSuiwp. These observations are further confirmed by
calculating the spin densities values of both C, and Cg of the vinyl group at the respective
transition state. In TSHive, the Cy spin density varies between -0.373 and -0.247, while values from
0.557 to 0.646 are obtained for Cpin TS for all the snapshots. These results reveal that a j3-
electron is left on the vinyl group of the 5vC substrate in TSuiva While in TSuivg, an a-electron
remains in the substrates, suggesting that HAT from C, and Cg proceed via G- and m-pathway,
respectively [Table S9]. By modifying the structural determinants for the - and n-pathways, one

could switch between the two mechanisms, which is an example of how the protein environment
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might influence the orbital mechanism of HAT. The analysis of the Spin Natural Orbitals®® [Figures
S18 and S19] confirms the spin density results.

Similarly, in 5eyC, the abstraction of the only terminal hydrogen by the active Fe(IV)=0 complex
passes through TSuieyp, Which possess C—H and O—H distances of 1.44 and 1.09 A, respectively,
in a similar manner as HAT from the terminal Cgin 5vC substrate. The results indicate that the
HAT from the terminal carbon (Cg ) in both unsaturated 5vC and 5eyC dsDNA substrates possess
late transition states with product-like properties. The observed Fe—O—H angle in TSuieyp varies
between 127.16 to 138.79° and the calculated spin densities of the terminal carbon at the
transition state range between -0.214 to -0.117, pointing to a G-electron transfer mechanism for
the HAT in 5eyC substrate [Table S10].

The HAT results in the reduction of Fe(IV)=0 species to Fe(lll)—OH complex with the generation
of radical substrates intermediates, IM1eyp for 5eyC, IM1yq and IM1,g, for HAT from Cy and Cp of
the vinyl group of 5vC, respectively. The formed IM1eyp is endergonic with an energy of 7.9
kcal/mol at the BS + ZPE level of theory, while in IM1,, and IM1,s of 5vC substrate, the
intermediates are also endergonic with the energy of 3.4 and 9.3 kcal/mol, respectively. In all the
intermediates, the elongation of the Fe—O bond by ~0.25 A when compared to RC and the O—
H distances of ~0.98 A confirms the formation of the ferric-hydroxo intermediate. The calculated
spin densities between 4.23 and 4.24 in all the intermediates support the +3-oxidation state
assigned for Fe at the reaction state.

3.3.2.2 Rebound Hydroxylation and Desaturation Reactions in 5vC and 5eyC Radical substrates
Intermediates

Similarly to 5eC, the formed of the Fe(lll)—OH complex and the substrates radical intermediates,
IM1,q and IM1,p of 5vC substrate can undergo radical rebound processes via TSreva and TSrevg,
respectively, in which the hydroxyl (OH) group is transferred from the ferric-hydroxo complex to
the radical carbons, resulting in the formation of hydroxylated intermediates, IM2onvo and
IM2onvg, and reduction of Fe(lll) to Fe(ll). Alternatively, IM1,s and IM1,s can undergo
desaturation by abstracting another hydrogen atom from the adjacent carbon via TShava and

TSHavp to form the desaturated products, IM2psya and IM2psyg and Fe(ll)—OH, center, similarly to

24



5eC. The imaginary frequency values for all the obtained transition states are presented in Table
S11.

The rebound reaction occurs more rapidly in TSgeva With a barrier of 11.8 kcal/mol and the overall
reaction is highly exothermic with energy of -35.5 kcal/mol, implying that the formed IM2oHyq is
very stable. However, the rebound barrier leading to the formation of IM2onp is 17.7 kcal/mol,
and thus slower than the one of IM2onve With overall reaction energy of -29.2 kcal/mol. The
calculated desaturation pathways where a second hydrogen atom is abstracted from the
adjacent carbon pass through TShzva and TShavg and result in higher barriers of 20.9 and 25.1
kcal/mol, respectively. The resultant desaturated products, IM2psye and IM2ps,p are ~22.0
kcal/mol more stable than the RC but less stable than the hydroxylated intermediates. Overall,
the results imply that the rebound hydroxylation of 5vCis both kinetically and thermodynamically
preferred over the competitive desaturated reaction, possibly due to the change in the
orientation of Cg methine radical group in the RC for the rebound reaction. In addition, the study
reveals that the rebound hydroxylation on Cy-based radical is preferred (again both kinetically
and thermodynamically) over a rebound hydroxylation of Cg-based radical.

The rebound hydroxylation in 5eyC passes through TSreeyp possesses a barrier of 17.4 kcal/mol
and the formed terminal hydroxylated intermediate, IM2oneyp is 32.9 kcal/mol below the RC,
suggesting the formation of a stable product. The optimized geometries of the stationary points
and QM/MM energy profile are presented in Figures S17, S20, S21, and 8, respectively. In
summary, the rebound hydroxylation proceeds with lowest activation barrier (5.2 kcal/mol) in Cq
atom of 5eC followed by 5mC (10.1 kcal/mol),*? followed by C, atom of 5vC (11.8 kcal/mol) and
17.4 kcal/mol in 5eyC.
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Figure 8: QM/MM potential energy profile for the hydroxylation and desaturation reactions of
5vC (a) and for the hydroxylation of 5eyC (b) dsDNA substrates by TET2, calculated using
UB3LYP/def2-TZVP with ZPE. The relative energies are in kcal/mol.

Even though various studies have shown that non-heme Fe(ll) and 20G dependent enzymes
prefer high spin quintet spin state as the ground state,!”8333% we also performed calculations at
septet higher spin state for 5eC, 5vC, 5eyC, and 4mC substrates, and the result indeed revealed
that the quintet Fe(IV)=0 species is more potent oxidants for C—H activation and thus the
oxidation of the substrate is faster at quintet than septet spin state in all cases [Tables S4-57].
Comparison of the Fe(IV)=0 complex energies at both spin states revealed that the quintet
ground state is more stable than the septet by 16.4, 16.9, 14.3, and 15.2 kcal/mol in 5eC, 5vC,
S5eyC, and 4mC substrates, respectively, thus supporting the previous experimental and

computational studies on the favorable ground state for non-heme 20G enzymes.20:21,34

3.4 Mechanism of 4mC and 4dmC dsDNA substrates Oxidation by TET2
The discovery that TET2 oxidizes 4mC and 4dmC (lacking C5 alkylations) demonstrate the
potential of TET2 to act as indirect (on C5 alkylations) and direct demethylase (on 4mC and

4dmC). Aiming to provide insight into how TET2’s catalytic mechanism and interactions of direct
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demethylation might differ from indirect demethylation, we performed QM/MM studies of TET2
with dsDNA containing 4mC and 4dmC (Scheme 2).
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Scheme 2: Reaction mechanisms for the hydroxylation of the unnatural 4mC and 4dmC dsDNA
substrates by TET2.

The oxidation of the substrates using 5 well-equilibrated snapshots gave Boltzmann weighted
average of 10.8 and 14.0 kcal/mol for the rate-determining HAT step of 4mC and 4dmC
substrates, respectively. During the HAT, the electron transfer occurred via o-channel, where an
a-electron was transferred into the unoccupied antibonding orbital of the Fe. The HAT results in
exothermic Fe(lll)—OH intermediates with energies of -5.7 and -7.7 kcal/mol for 4mC and 4dmC,
respectively, at BS + ZPE level of theory. The rebound hydroxylation of the radical intermediates
led to the formation of highly exothermic hydroxylated intermediates, IM2onam and IM2oHadm for
4mC and 4dmC with overall energies of -37.6 and -42.8 kcal/mol, respectively. IM2onadm is more
stable than IM2onam by 5.2 kcal/mol as the OH group of the IM2onadm is locked in a strong
hydrogen bonding interaction with the negatively charged oxygen atom of the C4 carboxylate of
the succinate, unlike in IM2onam where the OH group forms weaker hydrogen bonding interaction
with the non-coordinating carbonyl oxygen of the Fe-ligating Asp1382. Detailed analyses are

provided in the Sl (section 2).
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3.5 Post Hydroxylation Reactions for hydroxylated intermediates of IM2oneyp, IM201vs, and
IM20Ham of 5eyC, 5vC, and 4mC Substrates

The decomposition of the hydroxylated hemiaminal intermediate of the DNA base has been a
subject of discussion about whether the hydrolysis to the unmodified base would proceed in the
enzyme or an aqueous solution. A recent study on FTO has reported that the decomposition of
the hemiaminal intermediate to formaldehyde and unmodified DNA base proceed faster in an
aqueous solution.?’ Another study demonstrated that the stabilities and reactivities of the
hemiaminal intermediate vary depending on the position of the N-methyl group on the substrate.
The fragmentation of the hemiaminal intermediate where the hydroxymethyl is linked to the
endocyclic nitrogen was found to be faster than the exocyclic counterparts, which are very slow
due to their stability.®®

3.5.1 Rearrangement Reactions of IM2oneyp and IM2onyvg in Enzyme and Water

Studies on the ability of TET enzymes to act on unnatural modifications of cytosine base at C5
position by Kohli and co-workers® have suggested that the IM2oweyp, formed during the oxidation
of 5eyC can undergo rearrangement to give a ketene intermediate. To achieve this, we explored
using QM/MM methods two possible pathways: i) rearrangement in the enzyme where the
proton from the hydroxyl (OH) group is transferred to the C, of the substituent with or without
mediation via water molecule; ii) rearrangement in aqueous solution outside of the enzyme.
The rearrangement in (i) involving the transfer of the OH proton to the C, generated an
intermediate, IM1iket where the proton is first temporarily transferred to the Cg [Scheme 3a]. This
passes through TS1iket with a 53.4 kcal/mol barrier, which is too high to favor such a pathway.
After the formation of IM1iket, the proton is transferred to the C, to generate the ketene product.
This transfer proceeds via TS2iket With a barrier of 24.7 kcal/mol, resulting in a highly exothermic
ketene product, IM2iket. This calculated pathway has a remarkably high energy barrier, with the
TS1iket being the rate-determining step, even though the formed product is very stable. Next, we
explored the possibility of mediating the rearrangement via water molecules in the enzyme
[Scheme 3b]. The assistance with water resulted in a barrier of 28.4 kcal/mol, which is 25.0
kcal/mol lower than the rate-determining step barrier observed for the rearrangement without

water molecules but still too high to be feasible.®! Various studies have reported the role of water
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molecules in the reduction of activation barriers.6%%%70 For example, a study by Shaik and co-
workers on FTO reported a 25.6 kcal/mol barrier for the water-assisted decomposition of
hydroxylated intermediate of 6-methyladenine substrate in contrast to 59.0 kcal/mol obtained
without the assistance of water molecules.®! Also, a study on the catalytic mechanism of HIV-1
protease revealed that the rate of degradation of the substrate was lowered by almost 10
kcal/mol in the water-assisted pathway.®® Our study, in agreement with previous works,

demonstrates the role of water in enhancing the reaction rate.
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Scheme 3: Reaction scheme for a) formation of ketene inside the enzyme without the assistance
of water molecule; b) formation of ketene with the assistance of water inside the enzyme; c)
formation of ketene with the assistance of water outside the enzyme in the water solvent; d)
formation of 5-formylmethylcytosine (5fmC) outside the enzyme in the water solvent.

The rearrangement results in a highly stable product with energy of -26.5 kcal/mol. We,
therefore, performed a QM/MM study of the rearrangement in an aqueous solution outside of
the enzyme [Scheme 3c], where the hydroxylated 5eyC substrate was embedded in a water box
containing 896 water molecules. The hydroxylated cytosine part was included in the QM part
with one water molecule, and the remaining water molecules remained in the MM. We are
conscious that QM/MM calculations using a single structure might not provide the most accurate
value of the activation and reaction energies in highly disordered media and protein
environment.'>177172 The formation of the ketene proceeded faster with a barrier of 10.4

kcal/mol, suggesting that the rearrangement of IM2oheyp to ketene takes place in aqueous
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solution outside of the enzyme. Figures 9 and S22 present the potential energy profile for the
rearrangement of IM2oheyp as well as the optimized stationary point geometries involved in these

reactions.
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Figure 9: QM/MM potential energy profiles for the formation of ketene inside the enzyme
without the assistance of water molecule (a) and the ketene formation with the assistance of
water (b) inside (green) and outside (black) of the enzyme. The relative energies and the
distances are in kcal/mol and A, respectively.

Similarly, we carried out the tautomerization of IM2onws to generate 5-formylmethylcytosine
(5fmC) product which has been reported by Ghanty et al., to be the predominant product of the
oxidation of 5vC by TET2.° We performed the calculations via direct transfer of the OH proton to
the Cy of the substituent with and without the assistance of water molecule in a similar manner
as above ketene intermediate formation. The QM/MM potential energy scan shows an increase
in energy without leading to the formation of the desired product. Furthermore, we explored the
possibility of mediating the proton transfer via the noncoordinating oxygen of the iron
coordinating succinate (Suc) as the hydroxyl group is locked in hydrogen bonding interaction with
it. The proton transfer to the succinate resulted in protonated succinate (SucH) product, and it
passes through a transition state with an energy barrier of 1.62 kcal/mol, indicating a very rapid

process [Figure S23]. On an attempt to transfer the proton from the SucH to the C, of the
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substrate substituent, it falls back to the hydroxylated IM2onyp intermediate. We then explored
the tautomerization mechanism in an aqueous solution outside the enzyme [Scheme 3d]. The
calculations showed the formation of a very stable and exothermic 5-formylmethylcytosine
(5fmC), with a reaction barrier and overall reaction energy of 17.8 and -12.1 kcal/mol,
respectively [Figure S23], implying that as the ketene formation reaction, the formation of 5-
formylmethylcytosine proceeds in water and not in the enzyme.

3.5.2 Decomposition of hemiaminal intermediate of 4mC

The hemiaminal intermediate RC3 formed after the oxidation of 4mC undergoes decomposition
to form the demethylated cytosine base and formaldehyde.'° The demethylation is first studied
in the enzyme with the aid of a water molecule, as presented in Figures 10 and S24. The
decomposition starts from RC3, where the proton from the hydroxyl group is first transferred to
the N3 of the base. This transfer is mediated via a water molecule with an energy barrier of 17.6
kcal/mol, resulting in the generation of an endothermic IM1 with an energy of 6.0 kcal/mol.
Thereafter, the C4—N4 bond cleaves to give IM2 intermediate, which passes through TS2 of
energy barrier 14.6 kcal/mol. This bond cleavage leads to the elimination of the formaldehyde
from the hemiaminal intermediate. Subsequently, a water-assisted proton shift from N3 to N4
via TS3 led to the demethylated cytosine product (PDam). The calculated overall barrier of 50.9
kcal/mol for the rate-determining step is too high to be feasible even though the formed product
is stable by the energy of -3.3 kcal/mol. Hence, we explored the possibility of decomposing the
hemiaminal intermediate in an aqueous solution outside of the enzyme environment using
QM/MM.

As presented in Figure S25, the results reveal that the demethylation in aqueous solution
proceeds with a barrier of 20.4 kcal/mol. This result is in good agreement with the previously
reported experimental®® and computational studies by Shaik and co-workers on the
decomposition of N°-hydroxymethyladenosine (hm°®A) by other human N-alkylated nuclei acid
demethylase (FTO), where the hydrolysis of the hm®A proceeded in aqueous solution outside of
the enzyme after the in-enzyme hydroxylation of the methyl group of the adenine base.®! The

product formed here is endothermic with an energy of 4.1 kcal/mol in contrast to -3.3 kcal/mol
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obtained inside the enzyme, indicating the role of the protein environment in the stabilization of
the product in the latter.

The studies demonstrate the post-hydroxylation steps, e.g., ketene formation after the 5eyC
hydroxylation, the formation of 5-formylmethylcytosine after hydroxylation of 5vC, and the
formaldehyde separation from hemiaminal of 4mC proceeds in the water solvent and not in the
enzyme environment, nevertheless of the diversity of the chemical transformations of the
respective hydroxylated intermediates. The finding implies that TET2 as a Fe(ll)/20G enzyme is
specialized in providing the suitable catalytic environment only for the reactions of the dioxygen
activation and the substrate oxidation (HAT and rebound hydroxylation) of several different
alkylated forms of cytosine in dsDNA, while the post-hydroxylation reactions proceed non-

enzymatically in the water solvent.
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Figure 10: Reaction scheme and the QM/MM potential energy profile for the decomposition of
hemiaminal intermediate of 4mC hydroxylation inside the enzyme, calculated using
UB3LYP/def2-TZVP with ZPE. The relative energies are in kcal/mol.

4.0 Conclusions

We report the MD and QM/MM studies on the dynamics and the reaction mechanisms involved
in the oxidation of unnatural C5-position modifications of cytosine (5eC, 5vC, and 5eyC) as well

as demethylation of exocyclic N4 mono- and di-methylated (4mC and 4dmC) lesions of cytosine
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by TET2 enzyme. We studied the possible hydroxylation and desaturation pathways in the
oxidation of 5eC and 5vC dsDNA substrates, while in the case of 5eyC, 4mC, and 4dmC, we
explored the hydroxylation pathway. Due to the nature of the ethyl and vinyl substituents of 5eC
and 5vC, respectively, we explored oxidation at both Ca and Cj3 carbons of the two substituents.
We then carried out QM/MM modeling of the rearrangement reactions of the hydroxylated
intermediates of 5eyC and 5vC substrates to produce ketene intermediate and 5-formylmethyl-
cytosine (5fmC), respectively. The hydroxylated intermediate of 4mC (hemiaminal) was
demethylated to unmodified cytosine and formaldehyde. These post-hydroxylated reactions
were studied both inside and outside of the enzyme with the participation of water molecules,
showing that in all cases, the post-hydroxylation reactions proceed in the water solvent outside
the enzyme environment.

The dynamics studies reveal that the variations in the alkylation status on the cytosine base
influence the overall collective motions of the key structural motifs of the enzyme and the second
coordination sphere interactions. The QM/MM calculations reveal that HAT from the N-
methylated substrates is faster than the counterparts from C5-position modifications. HAT from
Ca has lower barriers than Cf3 in 5eC and 5vC, resulting in more stable Fe(lll)—OH intermediates
than the one from Cf. Furthermore, we explored the effects of conformational flexibilities on the
HAT by using multiple snapshots. The results show variations in the HAT reaction barriers,
implying that the conformational changes affect the HAT rate. The calculations reveal that o-
pathway is used for the HAT electron transfer mechanism except for HAT from Cf in 5vC
substrate, where a m-pathway is favored. The electron transfer pathways are preserved in all the
snapshots for all the systems, suggesting that the change in conformations does not affect the
electron transfer pathways used during the HAT, nevertheless, the conformational changes can
influence the energetic changes along the reaction path. The calculations also identified the key
residues crucial for the HAT and their contributions to catalysis, DNA interaction, and structural
stability via long-range interactions.

Furthermore, the hydroxylation pathway in 5eC and 5vC is energetically favored than the
desaturation one, showing the preference for the former pathway. The rearrangement of the

hydroxylated intermediates of 5eyC to ketene intermediate proceeds with a barrier of 28.4 and
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10.4 kcal/mol with the assistance of water molecules in and outside of the enzyme, respectively,
indicating that the rearrangement is faster outside of the enzyme as in 5vC. Our calculated barrier
for the decomposition of the hemiaminal intermediate of 4mC in an aqueous solution outside of
the enzyme is 20.4 kcal/mol, which is lower than the calculated one inside the enzyme, but the
demethylated product is more stable inside the enzyme, possibly due to the extra stabilization
from the protein environment.

The results delineate the fine and delicate changes in interactions in the active site and beyond
that are involved in the TET2-catalyzed oxidation of unnatural cytosine alkylations in dsDNA. The
study provides an insight into the nature of the delicate but important differences between the
key catalytic interactions involved in the catalysis of the unnatural substrates in comparison to
the natural substrates. Overall, the study explains the atomistic and electronic structural
mechanism of the substrate promiscuity of TET2 and its catalytic strategy as an indirect and direct
demethylase.

Supporting Information

The Supporting Information is available free of charge on the ACS Publications website.
Analysis of molecular dynamics and QM/MM optimized QM geometries with spin densities and
Cartesian coordinates of the QM region in QM/MM calculations are provided.
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