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Abstract

Ten-eleven translocation (TET) family of enzymes are non-heme Fe(Il)- and 2-oxoglutarate (20G)-
dependent oxygenases that perform oxidation of the methyl group of the 5-methylcytosine (5SmC) on DNA.
TET enzymes play a crucial role in epigenetic modifications and have been linked to malignant
transformation and various forms of cancer such as prostate, lung, and breast cancer. In this study,
Molecular Dynamics (MD) and Combined Quantum Mechanics/Molecular Mechanics (QM/MM)
approaches were used to explore the catalytic mechanism, conformational dynamics, and the effects of
mutations during the first oxidation from 5SmC substrate to ShmC by human TET2 enzyme. The studies
reveal that a correlated motion between the main structural elements in TET2 -the glycine-serine (GS)
linker and the Cys-rich N-terminal (Cys-N) subdomain plays a key role in the orientation of the DNA
substrate in the wild-type (WT) TET2. This correlated motion is affected in the mutant forms of TET2. The
conformational changes in the WT TET2 influence the rate of the hydrogen atom abstraction (HAT) step;
however, its mechanism via o-channel remains unchanged. The results enabled us to identify key residues
that are crucial for the HAT and to delineate their crucial energy contributions and long-range correlated
interactions. Notably, several remote mutations, far away from the TET2 enzymes’ active site, unexpectedly
exercise a substantial effect on the HAT step by (i) increasing the required activation barrier and (ii)
switching the electron transfer mechanism from o- to m-channel. Remarkably, the mutations alter the
internal electric fields along the Fe=O bond that in synergy with changes in the geometric factors (e.g., the
hydrogen abstraction distance and the angle) influence the reactivity of the TET2 mutant forms. The kinetic

isotope effect (KIE) calculations indicate weak tunneling contributions in the WT, with variations in the
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mutant forms. The double mutant form K1299E-S1303N which has clinical implications in patients with
refractory anemia exercises a substantial effect on the activation barrier, electric field, and the KIE. This
study offers a novel insight into molecular biophysics and pathology of the human TET2 enzyme and asserts

the vital effects of the protein residues in the second sphere and beyond on the catalytic process.
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1.0 Introduction

Methylation at cytosine DNA bases in the genome is strongly linked to various normal and pathological
processes in the cell, including the regulation of gene expression, genomic imprinting, embryonic
development, active DNA demethylation, oncogenesis, and other epigenetic inheritance processes.'”” The
methylation of DNA is catalyzed by DNA methyltransferases (DNMTs), acting on cytosine and adenine

89 and recent study show that

bases, respectively.>® TET enzymes oxidize C-methylation of cytosine bases
the enzymes are also proficient as direct N-demethylases of cytosine bases at the exocyclic amine N4
position® in a similar manner as other non-heme Fe(II)- and 20G - dependent enzymes such as bacterial
AlkBs and human AlkBs (AIkBH1-AlIkBH8 and FTO).5% The TET enzymes possess enzymatic activity
toward 5-methylcytosine (5SmC), and they include TET1-3 and the AID/APOBEC subfamily of
enzymes.'%!112 TET proteins contain a conserved double stranded beta helix (DSBH) domain, a cysteine
rich domain, and binding sites for Fe(Il) and 20G co-substrate that together form the core catalytic region

in the C-terminus.!%®!314 [

Figure 1] The overall structure of TET2 [Figure 1] is stabilized by three zinc
cations (zinc fingers) coordinated by residues from both the cysteine rich and the DSBH domains, thus
bringing flexible regions from the two domains together to facilitate the stability of the overall structure.'
TET enzymes belong to the Fe(Il)- and 20G - dependent oxygenase family of enzymes, and catalyze the
successive oxidation of SmC to 5-hydroxymethylcytosine (ShmC), 5-formylcytosine (5fC), and finally 5-
carboxylcytosine (5caC).!%%1315 TET2 has been referred to as a de novo 5SmC dioxygenase whose the

iterative oxidation of the SmC to the various oxidized forms is not controlled by the opposite strand
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cytosine-guanine dinucleotides (CpG).'® Crystallographic studies revealed that substrate binding by TET

enzymes involves flipping of the methylated base from the DNA strand into the iron center for

9a,13

demethylation, similarly to the nucleic acids N-methyl demethylases (AlkB and its human

homologs).®o»16:17

Figure 1. Average MD structure of Human TET2 bound to dsDNA derived from the Fe(III)-O;
intermediate simulations. Coloring: Double Stranded Beta Helix (DSBH) fold (yellow), and the

three zinc finger regions (Znl (cyan), Zn2 (red) and Zn3 (green))

The catalysis commences with dioxygen (O,) binding to the five-coordinate Fe (II) center, and formation
of the Fe(Ill)-superoxo complex. The first step of the reaction mechanism is a dioxygen activation and
involves the formation of an active Fe(IV)-oxo (ferryl) intermediate coupled with decarboxylation of 20G
to succinate and CO,. The formed ferryl intermediate performs hydrogen atom abstraction (HAT) from the
methyl group at the C5 position of SmC, followed by rebound hydroxylation, producing ShmC [Scheme 1].
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Oxidation of 5SmC to ShmC is the first reaction step catalyzed by TET enzymes. Some studies have shown
that the oxidation reaction rate is significantly reduced for the ShmC as it is stable in mammalian genome
DNA.!>!819 Tn particular, studies reported that the hydrogen atom abstraction (HAT) process is more

efficient in 5mC than 5ShmC and 5fC.'>!81
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Scheme 1. The overall proposed reaction mechanism for successive oxidation of SmC to ShmC, 5fC

and ScaC by TET enzymes

The catalytic mechanism of TET enzymes and nucleic acids N-methyl demethylases (NADMs) has been
extensively studied both experimentally and computationally which provided an understanding of the three-
dimensional structures, substrate binding, and their kinetics.”!%!31517.18.2028 However, the effects of the
conformational dynamics on the catalytic process in the flexible TET2-dsDNA complex are still poorly
understood. It is particularly important to reveal how long-range correlated motions in the TET2 enzyme
influence its catalysis. The current study aims to provide this missing knowledge by exploring the

mechanism of the first oxidation step of SmC dsDNA substrate to ShmC intermediate.



Several experimental studies have shown that the TET2-dsDNA enzyme is frequently mutated in myeloid
malignancies, such as myelodysplastic syndrome (MDS), chronic myelomonocytic leukemia (CMML),
acute myeloid leukemia (AML), and myeloproliferative neoplasms (MPN).%!12%3% Most of the leukemia-
associated mutations inhibit or abolish the TET2 catalytic activity.’! The mutations may alter active site
interactions, the catalytic core domain and/or influence long-range interactions, thus affecting the TET2
activity.!"!332 Such clinically important mutations include the single substitution W1291A and the double
substitution K1299E-S1303N [Figure 2A], causing myelodysplastic syndrome and refractory anemia,
respectively.!**? Also, several experimental mutations performed in vitro such as Y1902A, N1387A,
H1904R, S1290A-Y1295A, and M1293A-Y1294A [Figure 2A] demonstrated to influence substrate
binding, catalysis, and enzyme turnover.”> Recent studies elegantly demonstrated the power of the
computational and experimental methods to provide a unique insight into the effect of a single mutation of
TET2 (T1372E) on the oxidation of 5ShmC to 5fC/caC.?!>33 The QM/MM calculations by Torabifard et al
on the effect of T1372E mutation in halting the iterative oxidation of ShmC by TET2 revealed the
orientation of the water molecule in the active site is essential for iterative oxidation in the wild-type (WT).
The electron localization function (ELF) and non-covalent interaction (NCI) revealed that the process
involves a hydrogen atom transfer from the hydroxyl moiety, followed by a proton transfer with the
participation of the water molecule. The study found that unfavorable orientation of the substrate in T1372E
mutant due to the formation of a hydrogen bond between the substrate and the mutant site which is absent
in the WT resulted in the much larger energy barrier observed in the mutant.?'# The calculations corroborate
the experimental study by Liu et al that first reported T1372E as a “5ShmC-stalling” mutant.’® Nevertheless,
the effects of the above clinical and experimental mutants on the TET2-dsDNA structure, and reaction
mechanism are unknown, which is an important barrier to understanding their role and molecular pathology.
Therefore, it is important to complete the knowledge gap about how mutations linked to diseases influence
the long-range interactions in TET2 and thus in turn influence its reaction mechanism during the first

oxidation of 5mC to 5ShmC.



The present study tests the hypothesis that the conformational changes in the wild type (WT) TET2
influence the mechanism by affecting the active site interactions, the local electric field, and long-range
correlation motions in TET2-dsDNA complex. Furthermore, we hypothesize that mutations linked to
diseases influence the long-range interactions observed in WT TET2 and affect the reaction mechanism by

altering key structural determinants and the internal electric field.
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Figure 2. The structure of TET2 showing the locations of the individual substituted residues (A)

and QM region used for the QM/MM calculations (B).
2.0 Computational Methods
2.1 System Preparation

X-ray crystal structure of human TET2-dsDNA (PDB code, 4NM6'3) was used as the initial structure, and
the missing residues were added using Modeller.** The N-oxalylglycine (NOG) used for crystallization was
converted to 20G by replacing the NH in NOG with methylene (CH>) group using GaussView 6.0. The

protonation states of the ionizable side chains were evaluated with the Propka software,* and the histidine



residues that are coordinated to the Fe(Il) center were assigned protonation states based on visual inspection

of their local environments.

The active site Fe(Il) is octahedrally coordinated to the co-substrate 20G in a bidentate manner, to two
histidines (His1382 and His1881), an aspartate (Asp1384) residue, and a water molecule. To generate
parameters for the Fe(IlI)-superoxo complex, the water molecule was substituted with O,, bound in an end
on manner. The active site parameters were prepared using the Metal Center Parameter Builder
(MCPB.py),* in Amber 18. Bond and angle force constants were derived using the Seminario method;?*’
point charge parameters for the electrostatic potential were obtained using the ChgModB method. The zinc
ion and its coordinating residues in the Zn finger regions were described using the Zinc Amber force field
(ZAFF) method.*® The parameters for 20G and the substrate (5SmC) were generated using the Antechamber
module of Amber 18.%° The Leap module in Amber was used to add hydrogen atoms to the protein systems
and then neutralized using Na* counter ions. The systems were surrounded by a rectangular box solvated
with TIP3P water molecules* within a distance of at least 10 A from the protein’s surface. Previous
molecular dynamics simulations using these parameter generation procedures have successfully reproduced
the geometry of non-heme iron systems.*'** Similar procedures were used to prepare the parameters for
the ferryl complex, where the 20G co-substrate was substituted with succinate, which was modeled with
monodentate binding of the coordinating carboxylate. The parameters for all the mutants were developed

by making use of the wild-type parameter after manually substituting the various mutants’ residues.

2.2 Molecular Dynamic Simulations

A two-stage minimization of the geometries using MM was first performed before the MD simulations.
Only water molecules and Na" were minimized in the first stage of the minimization, while the solute
molecules were restrained with 500 kcal.mol' A2 harmonic potential and all atoms were optimized without
restraints during the final minimization stage. The systems were subjected to 5000 steps of steepest descent,

followed by 5000 steps of conjugate gradient energy minimization.



The minimized systems were first heated for 50 ps by linearly increasing the temperature from 0 to 300 K
in a canonical ensemble (NVT) using Langevin thermostat.** The heated systems were further subjected to
constant temperature heating (at 300 K) for 1 ns in an NPT ensemble. The solute molecules were restrained
with the harmonic potential of 10 kcal mol™' A? during the heating processes. After that, the systems were
equilibrated within an NPT ensemble at a fixed temperature and pressure of 300 K and 1 bar, respectively,
for 3 ns without any restraints on solute molecules. The MD productive runs were performed for 1 ps in an
NPT ensemble with a target pressure set at 1 bar and constant pressure coupling of 2 ps. The pressure was
held constant using Berendsen barostat,*> and the SHAKE algorithm*® was used to constrain the bond
lengths of those bonds involving hydrogen atoms. The simulations were performed using the GPU version?’
of the PMEMD engine integrated with Amber18.%® The FF14SB* force field was used in all the simulations,
and periodic boundary conditions were employed in all simulations. Long-range electrostatic interactions
were calculated using the Particle Mesh Ewald (PME) method>® with a direct space and vdW cut-off of 10

A.

The hydrogen bonding analysis was done using CPPTRAIJ,*! and the dynamic cross correlation analysis
was done with Bio3D.*? The binding free energy values were calculated using molecular mechanics/

generalized Born surface area (MM/GBSA)> method as implemented in Amberl8.

2.3 QM/MM Calculations

QM/MM calculations were performed using the ChemShell package,>* that combines Turbomole® (for QM
region) and DL POLY>® (for MM region). The electronic embedding method was used to describe the
interaction between the QM and MM regions. Hydrogen linked atoms were used to complete valences of
bonds spanning between the two regions. The MM region was described with the Amber force field, and
the QM part was represented with the unrestricted B3LYP (UB3LYP) functional. The non-heme iron
center, the primary coordinating sphere residues, and the substrate-bound in the active site were included

in the QM region [Figure 2B]. The QM/MM geometry optimizations were performed with the def2-SVP



basis set (labeled as B1) for all the atoms. After that, linear transit scans along the reaction coordinate were
performed with 0.1 A increments to locate the transition states using DL-find optimizer.’” Transition states
were reoptimized using the partitioned rational function optimization (P-RFO) algorithm implemented in
the HDLC code.® The fully optimized geometries of the minima and the transition states were characterized
via frequency calculations. The energies of the optimized stationary points were recalculated via single-
point energy calculation using a larger basis set, def2-TZVP (labeled as B2) for all the atoms. Electric field
calculations were done using TITAN code* as in other studies.®®®! Energy decomposition analysis
(EDA)*'** calculations were then carried out on the optimized reactants, and transition states geometries to

determine the non-bonded interactions of all the residues.

The primary kinetic isotope effects (KIEs) were computed and compared with the experiment. The
tunneling correction was considered during the calculations using the zero-curvature tunneling (ZCT)
method as implemented in ChemShell. Hessian calculations were carried out in DL-FIND using ChemShell.
The rate constant and KIEs were calculated on both deuterated and non-deuterated systems using transition

state theory (TST).

3.0 Results and Discussion

3.1 Conformational Dynamics Facilitates the Formation of a Reactive Complex between TET2

Fe(IV)=0 and the SmC (dsDNA) substrate (TET2-Fe(IV)=0/dsDNA)

The active oxidizing species necessary for the oxidation of the methylated substrates in non-heme Fe(II)
and 20G-dependent enzymes is the ferryl intermediate. We performed MD simulations to explore the role
of the structural dynamics of this reactive complex. TET2-Fe(IV)=0 forms a stable complex with dsSDNA
(an average RMSD of 2.57 A) [Figure 3A]. The plots of the time-dependent fluctuations of the distance
between the oxygen (O) from the oxo group of Fe(IV)=0 and the methyl carbon (C) of the substrate [Figure
3B], and the Fe-O-C angle [Figure 3C], which determine the efficiency of the substrate oxidation showed

average values of 3.66 A and 143.32°, respectively. The proper orientation of the substrates’ 5-



methylcytosine ring with respect to the iron-oxygen bond of Fe(IV)=0 is stabilized by a stacking interaction
with the phenyl ring of Tyr1902. The dsDNA substrate in the TET2-Fe(IV)=0/dsDNA complex exhibits
similar shape and orientation as in the crystal structure [Figure S3] supported by a hydrogen bonding
network with Ser1828 (72.4%), His1904 (60.2%), and Argl262 (64.6%). The substrate and the Fe(IV)
center coordinated ligands are stabilized by a series of second sphere residues via hydrogen bonding
interactions. For example, the non-coordinating (C4) succinate carboxylate group is stabilized by hydrogen
bonding interactions with Argl896 (89.6%), and Ser1898 (54.9%). In contrast, in the human AlkBH2-
dsDNA (a human non-heme Fe(Il)- and 20G-dependent enzyme that demethylates N-methylated bases in
dsDNA), the C4 succinate carboxylate is stabilized by hydrogen bonds with Arg248 (84%) and Tyrl61
(84%).%2 The lower stability of the hydrogen bond with Ser1898 in TET2 compared to the one with Tyr161
in AIkBH2 might lead to more flexible succinate binding in TET2-dsDNA when compared to AIkBH2-
dsDNA. The backbones of the Fe-coordinating histidines (His1382 and His1881) are stabilized additionally
via hydrogen bonding interactions (87.8%) with each other. In contrast to AIkBH2-dsDNA, in TET2-
dsDNA the non-coordinating oxygen of the aspartate ligand (Asp1384) is stabilized by Asn1387 -23% of

the trajectory and by a stable solvent-mediated hydrogen bonding interaction (74.7%).

Comparing the MD simulations and the crystal structures of TET2-dsDNA with AIkBH2-dsDNA reveals
key differences in the DNA interactions and binding in both enzymes'*!7-?? (The detailed comparison is

presented in the SI).

The principal component analysis (PCA) [Figure 4], which shows the main direction of motions in a
protein®>%% reveals that the cysteine-rich N-terminal (Cys-N) region, the GS linker region, loop 2 (L2), and
the DNA are flexible regions in TET2-Fe(IV)=0/dsDNA. The Cys-N region moves toward the DSBH core
for more significant interaction and better stability. The L2 and GS linker residues move towards DNA and
the L2 forms scissors around DNA. These motions collectively enhance the binding of the DNA to the
protein. The dynamic cross-correlation provides insights into the collective, correlated motions of the

different domains of the proteins. Long-range correlated motions have been implicated in substrate binding,
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allosteric regulation, product release and protein folding.®*>¢ The DCCA map illustrates the covariance
matrix of a carbon atoms and ranges from +1 to -1, denoting correlated and anti-correlated motions,
respectively. The dynamic cross-correlation analysis (DCCA) [Figure 5], of the flexible regions observed
in the PCA reveals that the residues that contribute to the motion in the Cys-N region have a positive
correlation with the Zn2 finger and its four coordinating residues (Cys1193, Cys1271, Cys1273, and
His1380), and two - sheets from the DSBH core (B8 and $17), which are directly opposite to the Fe center

and its first coordinating sphere residues.

Furthermore, the residues from the L2 and GS linker regions of the protein, which participate in the essential
motion with the DNA substrate show a positive correlation with each other, the Zn3 finger, and its
coordinating residues as well as DNA. The GS linker also shows a positive correlation with the loop 1 (L1)
region, and the iron coordinating HxD loop. Even though the function of the GS linker remains elusive, its
correlated motions with L1, L2, DNA, Zn3 finger, and the iron-coordinating HxD loop suggests about its
importance in DNA binding. Overall, the long-range correlated motions observed in the WT ferryl complex
might aid catalysis as well as DNA interactions and binding, resulting in stabilizing the overall structure of
the WT TET2-dsDNA complex. In comparison, the studies on the AIkBH2-dsDNA complex show main
direction of motions at the hydrophobic B-hairpin region which moves toward the Fe center, resulting in a

complex that likely favor catalysis.?

3.2 Single/Double Mutations in the Second Sphere and Beyond Influence the Substrate Binding

in TET2-Fe(IV)=0/dsDNA Complex

3 and can also result in

TET2 mutations influence substrate binding, catalysis, and DNA interactions,!
various diseases such as myelodysplastic syndrome and refractory anemia.'**?> The TET2 mutations subject
of this study have either been performed experimentally in vitro or clinically related to diseases. They
include second sphere substitutions (W1291A, N1387A, Y1902A, and H1904R), substitutions in remote to
the active site regions (M1293A-Y1294A, and K1299E-S1303N), or a combination of both (S1290A-
Y1295A) [Figure 2A]. Mutant forms W1291A and K1299E-S1303N are mutations clinically linked to
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myelodysplastic syndrome and refractory anemia, respectively,'>*? while the rest of the studied mutant
forms are experimentally-performed in vitro mutations found to influence the substrate binding and the
TET2 enzymatic activity.> The distance between the oxo group (O) of the Fe(IV)=0 intermediate and the
alpha carbon (CA) of the respective substituted residue varies between 9.2 and 25.9 A in the mutant forms
of TET2- Fe(IV)=0/dsDNA (Table S1). To understand how these mutant forms affect the binding of
dsDNA substrate to TET2, we performed a series of 1 us MD simulations of all the seven single and double
mutants: H1904R, K1299E-S1303N, M1293A-Y1294A, N1387A, S1290A-Y1295A, WI1291A, and
Y1902A. The mutation sites are located close to the SmC dsDNA substrate binding region and loop2 (L2),
as depicted in Figure 2A. The simulations show stable systems with average RMSDs [Figure 3A] between
2.61 and 3.35 A (Table S2) compared to 2.57 A in the WT TET2, suggesting some structural perturbations

upon the mutation with the most profound effect in M1293A-Y 1294 A and W1291A mutant forms.
3.2.1. Effects of the Mutations on the Structure of the Substrate Binding Site and the Iron Center

The average O - C distances [Figure 3B] varies between 3.78 and 11.27 A (Table S2) while the average Fe-
O-C angles [Figure 3C] ranges between 111.56 and 140.06° (Table S2) in comparison with 3.66 A and
143.32°, respectively, for the WT TET2-Fe(IV)=0O/dsDNA. The changes in the key HAT geometric
parameters (distance and angle) in the mutant forms can lead to changes in the rate and mechanism of the
HAT reaction. Furthermore, in all mutant forms, the substrate participates in a smaller number of hydrogen
bonds when compared to the WT, suggesting that the residue substitutions might influence its stability. For
example, while in the WT TET2-Fe(IV)=0/dsDNA complex, the substrate is stabilized by interactions with
Ser1828 (72.4%), His1902 (60.2%), and Argl262 (64.6%), in K1299E-S1303N, N1387A, and S1290A-
Y 1295A mutants, the substrate is supported by hydrogen bonds with Ser1828 (25.1%, 43.4%, and 32.6%,
respectively). In contrast in S1290A-Y1295A and Y1902A mutants, the hydrogen bonds between the
substrate and Argl262 are found to be 21.6% and 38.4%, respectively. The N1387A mutant form shows a
hydrogen bonding interaction between the substrate and His1904 in 42.4% of the MD trajectories.

Interestingly, the substitute Arg in the HI904R mutant stabilized the substrate (89.9%) more than His1904
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in the WT, however other hydrogen bonding interactions observed in the WT are lost in this mutant. All
these results indicate weaker stabilization of the substrate in the mutant forms when compared to the WT.
The mutations also influence the overall stability of the iron center where the non-coordinating (C4)
succinate carboxylate group is stabilized by a hydrogen bond with Arg1896 with a presence between 15.3%
and 42.3% (Table S2) and Ser1898 (between 11.8% and 35.8%) (Table S2) in comparison to WT values of
89.6% and 54.9%, respectively. Also, the hydrogen bonding interaction between the two coordinating
histidines (His1382 and His1881) backbones varies between 14.3% and 61.6% in comparison to 87.8% in
the WT (Table S2). The above interactions are weaker when compared to the observed in the WT. This

indicates that in both mutant forms the substrates are less stabilized in the active sites.

3.2.2. Effects of Mutations on the Substrate Binding Affinity and Long-Range Correlated Motions

The effects of the mutations on the stability of the TET2-Fe(IV)=0/dsDNA complex were further confirmed
by calculating the binding free energies between the substrate and the protein using MM/GBSA.>* The
binding free energies of the mutant forms suggest a weaker substrate binding (see the SI) and vary between
-108.43 kcal/mol and -63.98 kcal/mol (Table S2) in reference to -122.09 kcal/mol in the WT. The most
profound effect is observed in the mutant form W1291A. Even though there are variations in the stability
of the active site of the protein-DNA complexes, in the mutant forms and the WT, the radius of gyration
(ROQG) [Figure 3D] shows a similar volume of TET2 enzyme for all WT and mutation forms. This indicates
that the mutations only influence the delicate interactions in the tertiary structure of TET2 and dsDNA,

however, does not lead to a more dramatic disruption of the overall structure.
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Figure 3. Plots of RMSD (A), distance between oxo group (O) of the ferryl and the substrate methyl
carbon (B), angle between Fe, O and the substrate methyl carbon (C), and the radius of gyration

(D) of both the WT TET2-Fe(IV)=0/dsDNA and the mutants.

The PCA of the double mutant forms [Figure 4] K1299E-S1303N, M1293A-Y1294A, and S1290A-
Y1295A show a motion in the GS linker region, which moves it away from the DNA in K1299E-S1303N
and S1290A-Y1295A forms, thus weakening the DNA-linker interactions. Interestingly, in the M1293A-
Y1294A mutant form, the GS linker moves fowards DNA as in the WT complex, thus enhancing the
interactions of DNA with the protein. DCCA [Figure S7-S9] of the GS linker in these mutant forms reveals
a positive correlation with the Cys-N region in M1293A-Y 1294A mutant, while in K1299E-S1303N and

S1290A-Y1295A mutants, the GS linker has a positive correlation with 12 in the GS linker vicinity. The
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Cys-N region harbors the Znl finger region, which stabilizes the overall protein structure while the 12
only provides support for the GS linker region. Thus, the long-range correlated motion observed in the
M1293A-Y 1294 A mutant form helps for the stabilization of this complex more than the K1299E-S1303N
and S1290A-Y1295A. Besides, the PCA shows that the Cys-N region moves toward the protein (in

M1293A-Y1294A) and away from it (in S1290A-Y 1295A) supporting the DCCA results.

In the single mutant forms [Figure 4, S10-S13], Y1902A, and H1904R, the GS linker becomes more rigid.
In contrast, in N1387A and W1291A, the linker remains flexible with the direction of motion towards the
DNA and positively correlated with the DNA interacting loop 1 (L1). These correlated motions might
enhance DNA stabilization. Also, in N1387A and Y 1902A mutant forms, there is reduced flexibility around
the Cys-N region, and this region becomes completely rigid in W1291A. However, in H1904R, the Cys-N
region moves away from the DSBH, resulting in weakening the interactions within the DSBH region. The
substitutions N1387A and H1904R show additional motions at B13 and a6, respectively, which all have a

positive correlation with 12 that supports the GS linker.

Overall, DCCA and PCA analyses of the WT TET2-Fe(IV)=0/dsDNA and the mutant forms reveal that the
correlated motions with the participation of the GS linker and Cys-N regions contribute less to the DNA

binding to the enzyme in the mutant forms than in the WT.
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(succinate), 452-475 (DNA). Yellow to blue represents the direction of motion of residues.
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correlation with the DNA. (C) Correlation of Zn3 coordinating site with L.1. (D) L1 residues have
correlation with GS linker residues. (E) Iron coordinating HxD loop residues show correlation with

GS linker residues.

33 Mechanism of the Hydrogen Atom Abstraction (HAT) in the WT TET2-dsDNA

HAT involves the abstraction of a hydrogen atom from the methyl group of the substrate by the electrophilic
Fe(IV)=0 intermediate, resulting in Fe(III)-OH center and a reactive radical formation at the methylene
carbon of the substrate.®*% This step has been reported as the rate-limiting one during the substrate
oxidation by Fe(I1)/20G dependent enzymes.?!*27636% Studies have shown that the relative structure of
ferryl to the substrates determine the reaction and the electron transfer mechanism.®®¢ We used five
snapshots from MD to explore this mechanistic step. The calculations were done at the quintet state of the
Fe(IV)=0 intermediate as it was previously demonstrated that non-heme Fe (II)- and 20G-dependent
enzymes favor this spin state.?’¢’-"" The results revealed that the reaction barrier varies from 16.3 to 19.1
kcal/mol [Table S3] at the B2+ZPE level of theory, with Boltzmann weighted averaged®>’! value of 17.1
kcal/mol, which is within the range of previously reported barriers for HAT for 20G dependent
oxygenases.?*286572 The TSpar Fe-O-H angle varies from 149.4 to 160.1°, suggesting that in all reaction
paths, an a-electron is transferred from the substrate to the vacant 3d-orbital of the Fe. This is further
confirmed by the TSuar spin density values of the methyl carbon of the substrate, which vary between -
0.322 and -0.253, showing that a B-electron is left on the substrate and the reaction proceeds via o-pathway
[Figure 6]. Recent computational studies on other DNA repair enzymes, AlkB and AlkBH2, bound to
duplex DNA, have shown that the HAT proceeds via the same pathway.?? The TSuar geometry is stabilized
by several key interactions and in particular Argl261 stabilizes the non-coordinating oxygen of the
succinate. A network of hydrophobic interactions including residues Val1900, Val1395, Leul872, and
Thr1393 surrounding the Fe center and the methyl group of the substrate enhance the stabilization of the
TSuat. Besides, the cytosine ring of the substrate is stabilized by stacking interaction with Tyr1902. This

substrate stabilization and proper orientation are further enhanced by stacking interaction of the imidazole
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group of His1904 and the phenyl ring of Tyr1902 and a hydrogen bonding interaction between N3 of the
substrate and NH group of His1904. Further, the exocyclic nitrogen (N4) of the substrate is stabilized via a

hydrogen bonding interaction with Asn1387, enhancing its stability in the WT.

HAT results in the formation of the Fe(III)-OH complex, and methylene substrate radical with an O-H
distance of 0.97 A, and the Fe-O is elongated from 1.62 to 1.85 A. This elongation indicates the formation
of the ferric-hydroxo complex and the spin density of 4.23 indicates about +3 oxidation of the Fe at this
reaction state. The formed intermediate is almost thermoneutral with energy of -0.4 kcal/mol at the B2+ZPE
level of theory, unlike in AlkBH2-dsDNA, where the formed Fe(IlI)-OH intermediate is slightly
endothermic with energy of 6.5 kcal/mol at the B2+ZPE level of theory.?? This implies that the ferric-

hydroxo intermediate is more energetically favorable and stable in TET2 than in AIkBH2.

3.3.1 Energy Decomposition Analysis and Long-Range Correlated Motions of the HAT-Transition

State-Stabilizing Residues

To gain insights into the role of the individual residues in the reaction steps during catalysis, we performed
energy decomposition analysis (EDA) as developed by Cisneros?'*® on the QM/MM optimized RC and
TSuat geometries. This was achieved by calculating the differences in the nonbonded interaction energies
(i.e., Coulomb and van der Waals interaction energies) between the individual residues of MM environment
and the QM for the RC and the TS structures.?!*4 This analysis is only obtained in an approximate manner
and thus provides a qualitative assessment of individual residues in the reaction steps.?!*¢ A negative energy
difference between the TS and the RC structures refers to a stabilizing contribution to the TS and vice versa.
EDA has been employed in various QM/MM and MD simulations to study numerous protein systems.?!>f
The results as presented in Table 1 show that residues Thr1393, Val1395, Leul872, and Argl261, which

take part in the stabilization of the TSyar when compared to the RC in the WT TET2-Fe(IV)=0/dsDNA,

contribute with energies of -1.36, -0.82, -0.60, and -4.46 kcal/mol, respectively.
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The DCCA of the residues that stabilize the TSuar shows that residues that are involved in hydrophobic
interactions have a positive correlation with the DNA-interacting loops residues (L1), the succinate-
stabilizing residues, the Fe center, and the loop (iron-chelating motif 1) from the DSBH core [Figure 4].
Also, Argl261 that stabilizes the succinate non-coordinating oxygen has a positive correlation with both
the DNA-interacting loops (L1 and L2), a loop that harbors the coordinating His1881 and GS linker
residues. Asn1387 involved in stabilizing the exocyclic nitrogen of the substrate has a positive correlation
with the Fe center and its oxo group, implying that this residue might be important in catalysis. Tyr1902
also has a positive correlation with GS linker residues, the loop containing iron HxD motif, the third zinc
finger (Zn3), and its coordinating residues (Cys1289, Cys1298, Cys1358, and His1912). The DNA-
interacting loops are crucial for DNA binding and the Zn finger is important for the overall structural
stabilization."® These results show that complex correlation motions between the residues that stabilize the
TSuat with loop 1, loop 2, Zn3 finger, and GS linker regions, ensure the overall stabilization of the transition
state and the metal center. In comparison, in AIkBH2, the HAT transition state is stabilized by residues
Thr252, Argl10, Tyr122, Arg254, and Glul75, which all have a correlation with the iron center and its
coordinating residues and with the substrate recognition lid, suggesting that modification of the second

sphere residues in the substrate binding lid could influence HAT in AIkKBH2%? but not in the TET2.

3.3.2 Influence of Electric Field and Kinetic Isotope Effects on the HAT

Recent studies have shown that the internal electric fields along the reaction coordinate in small molecules
and enzymes can be an important factor that defines the reaction mechanism and specificity.**!”® To
evaluate how the conformational changes involved in HAT can influence the electric field, we performed
calculations of the local electric field along the direction of Fe=O bond in the ferryl complex reactant
geometries using TITAN.% The results, as shown in Table S4, reveal that in all the five snapshots used for
the WT calculations, the value of the electric field intensity exhibits slight variations as a function of the
conformational changes in the RCs. Importantly in RCs with similar HAT distance and angle, it is the

change in the electric field that contributes to the differences in the activation energies of the reaction paths.
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For example, snapshots 1 and 4 with almost the same distance between the oxo group oxygen (O) and the
hydrogen atom (H) show an electric field intensity of -0.0479 au for snapshot 4, which is -0.0034 au lower
than in snapshot 1 with the lowest barrier. The higher barrier observed in snapshot 4, although its favorable
electric field value could be due to the constraint in Fe-O-H angle (127.8°) in snapshot 4 compared to the
corresponding value of 149.7° in snapshot 1. The calculated electric field values of the transition states
(Table S4) follow the similar trend as the various reactant complexes but becomes less negative at this

reaction state in all cases.

g, — b

a—electron
e
Cx2-y2 +

Ocn

Sy

_1_

S\a-y2(1,00) deu (-0.76)

Figure 6. Electron shift diagram (a) and the spin natural orbitals (SNOs) (b) with their respective
populations (in parentheses) during HAT in the WT TET2-Fe(IV)=0/dsDNA, calculated from the

transition state structure.

The hydrogen atom abstraction barriers in enzymes can exhibit a kinetic isotope effect (KIE) when the
transferred hydrogen atom is substituted with a heavier isotope active site dynamics.” To estimate the KIE
contributions and to evaluate the tunneling effect on the system, we performed primary KIE calculations

by replacing the transferred hydrogen atom with deuterium as tunneling is very sensitive to the mass of the
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tunneling particle. The calculated KIE value of 8.55 at 303 K for the WT is in very good agreement with
the experimental value’ of 9 for KIE in TET2 and also with other observed experimental KIE for Fe/20G
enzyme substrates'®. The calculated KIE indicates a low tunneling contribution in the HAT reaction in the

WT TET2.
34 Mechanism of the Rebound Hydroxylation in the WT TET2-dsDNA

After the formation of Fe(IlI)-OH intermediate and substrate radical, the intermediate undergoes a rebound
reaction, where the hydroxyl group (OH) of the ferric-hydroxo intermediate is transferred to the methylene
radical, leading to the formation of the hydroxylated product. The process passes through a TSre, with a
barrier of 10.1 kcal/mol, including ZPE correction. The rebound TS barrier in TET2 is 2.5 kcal/mol lower
than the barrier obtained for another human DNA repair enzyme, AIkBH2,%? indicating that the process of
rebounding of the hydroxyl group from the Fe(III)-OH to the substrate radical is faster in TET2 than in
AIkBH?2. The observed lower TS barrier in TET2 could be due to a better orientation of the Fe-OH to
methylene carbon radical (O,-C distance) compared to AIkBH2. The rebound process occurs faster than the
HAT, confirming the rate-limiting nature of the HAT in substrate oxidation. The rebound hydroxylation
results in a highly stable product (PD) with energy of -24.9 kcal/mol. The optimized geometries of the

stationary points and the potential energy profile are presented in Figures 7 and 8, respectively.
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Figure 8. The energetic reaction profile for the hydroxylation of 5-methylcytosine substrate by

TET?2 as calculated at UB3LYP/def2-TZVP+ZPE level. The relative energies are in kcal/mol.

3.5 Effect of Mutations on Hydrogen Atom Abstraction Reaction of TET2-Fe(IV)=0/dsDNA

Complex

To quantify the effect of the mutations on the rate-limiting HAT step of the reaction mechanism of the
oxidation of 5SmC to ShmC by human TET2 enzyme, we performed QM/MM calculations on K1299E-
S1303N, S1290A-Y1295A, Y1902A, and N1387A. In these mutant forms, the distance between the oxo-
group of Fe(IV)=0 intermediate and the substrate’s methyl carbon is favorable for substrate oxidation.”
The calculations revealed barriers of 25.0 kcal/mol, 24.2 kcal/mol, 22.3 kcal/mol, and 24.6 kcal/mol at the
B2+ZPE level of theory for K1299E-S1303N, S1290A-Y1295A, Y1902A, N1387A mutants, respectively,
in comparison to 16.3 kcal/mol obtained for the WT. The activation barriers for the mutant forms are higher
than the one obtained for the WT, implying that the mutations decrease the rate of the rate-limiting HAT
step in comparison to the WT complex. In the optimized TSuat structures, the Fe-O-H angles are 113.7,
145.3, 149.5, and 146.1° for K1299E-S1303N, S1290A-Y1295A, Y1902A, N1387A, respectively, in
comparison to 160.10° for the WT. Lower Fe-O-H angle value in the K1299E-S1303N suggests for HAT
proceeding via a m-pathway, where a B-electron is transferred into the 3d-orbital of Fe, leaving an a-electron
on the substrate (Figure 9). In the remaining three mutants, HAT proceeds via a o-pathway with an a-
electron transfer to the 3d-orbital of Fe, similar to the WT, where the Fe-O-H angle and spin density at
TShuar are 160.10° and -0.312, respectively. These observations are validated by the methyl carbon spin
density values of 0.365, -0.260, -0.294, and -0.291 for K1299E-S1303N, S1290A-Y1295A, Y1902A,
N1387A, respectively. The results demonstrate that residue substitution has a strong influence on the HAT

transfer mechanism, switching the nature of the overlapping MOs.

The HAT leads to the formation of the Fe(III)-OH complex intermediate with reaction energies of 3.4, 3.9,
2.1, and 3.5 kcal/mol at B2+ZPE level of theory for K1299E-S1303N, S1290A-Y 1295A, Y1902A, N1387A
mutants, respectively, in respect to -0.4 kcal/mol obtained for the WT complex. This clearly shows that the
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formation of the ferric-hydroxo intermediate is slightly endothermic in the mutants and the formed products
are less stable than in the WT. Figure 8 and (Figures 10 and S14) show the potential energy profile and the

optimized geometries of the stationary points, respectively.

3.5.1 Stabilization of the HAT Transition State in the Mutant Forms: Local Interactions, Energy

Decomposition and Long-Range Correlated Motions

In all the mutant forms, the TSuar is stabilized by hydrophobic interactions between Val1900, Val1395,
and Thr1393 around the Fe center and the substrate’s methyl group unlike in the WT where Leul872 is
inclusive. In K1299E-S1303N and N1387A, the stacking interactions between the substrate’s cytosine ring
and Tyr1902 are preserved as in the WT complex. However, the extra stacking interactions between
His1904 and Tyr1902, which enhance the substrate stabilization are lost in these mutant forms, and the
His1904 imidazole group is re-oriented to form hydrogen bonding interaction with the O2 of the substrate
in the N1387A mutant. In the Y1902A mutant form, the substrate is very unstable due to the substitution
Tyr1902Ala, which causes the loss of extra stacking interaction between the Tyr and the imidazole group
of His1904 and thus affect the orientation of the substrate (Figure S15). The substituted Tyr1902 residue
helps in the stabilization of the substrate’s cytosine ring in the WT complex, and its substitution to Ala
weakens the substrate stability, with Ala forming stable hydrophobic interaction with a nearby Thr1393

residue.
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Figure 9. Electron shift diagram (a) and the spin natural orbitals (SNOs) (b) with their respective
populations (in parentheses) during HAT in the K1299E-S1303N TET2-Fe(IV)=0/dsDNA mutant,

calculated from the transition state structure.

The residues involved in hydrophobic interactions in all transition states of mutant forms have positive
correlated motions with iron, the loop containing iron ligating HxD motif, and the residues that stabilize
the succinate. The result implies that the residues enhance the stabilization of the metal center mainly via
long-range interactions in contrast to the WT where they also involve a correlated motion with the DNA
substrate. This difference contributes to the weaker binding of the DNA in all the mutants which further
explains the observed differences in the free energies of binding. Tyr1902, a residue involved in the cytosine
ring stabilization in K1299E-S1303N and N1387A mutant forms shows correlated motion with the DNA-
interacting loop2, the Zn3 finger region (in N1387A), and the iron-ligand HxD motif loop (in K1299E-
S1303N). This correlated motion involving Tyr1902 probably enhances the interaction of DNA to the

protein in N1387A.
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EDA of the mutant forms shows that residues Argl261, His1904, and Val1900 contribute with higher
energies than in the WT (Table 1), which leads to the increased reaction barrier observed in the mutants.
For example, in K1299E-S1303N, residues Thr1393, Val1900, Tyr1902, Asn1387, His1904, and Argl261
have energies 0.65, 1.11, 0.73, 0.50, 1.11, and 2.67 kcal/mol, respectively. Also, in N1387A and Y1902,
the substitutions led to destabilization of the systems by 1.32 and 1.85 kcal/mol, respectively. This
contributes to the higher barriers observed in the mutants with respect to the WT (where N1387 and Y1902
contribute energies -0.05 and 0.04 kcal/mol, respectively). A change in sign of the individual residues
interaction energy (from positive to negative) from the reactant complex to the transition state results in the
lowering of the reaction barrier and vice versa.?'* Our results indicate that residues involved in transition
state stabilization, contribute with more energy to the stabilization of the TSuar in the WT than in the

mutants (Table 1).

3.5.2 How the Mutations Alter the HAT Electric Field and KIE?

The mutation of residues in the second sphere with respect to the active site and beyond influenced the
electric field along the reaction coordinate (Table S5), with similar trend observed at both the reactants and
transition states complexes. The differences in electric field likely result in a higher activation energy barrier
in K1299E-S1303N and Y1902A mutant forms than WT snapshots with similar O-H distances and Fe-O-
H angles. The complete analysis is presented in the SI. There are only small differences in the KIE values
obtained for the mutant forms when compared to the WT, indicating that KIE would not reflect sensitively
the effect of the various substitutions in the system at 303 K. The temperature dependence plot of KIE,
however, show that the double mutant forms are more strongly dependent on temperature than the single

ones (Figure S16).
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Table 1. Energy Decomposition Analysis (EDA) (in kcal/mol) of the residues that stabilize the TSuat
in the wild-type and the mutants

Residues WT N1387A Y1902A K1299E- S1290A-
S1303N Y1295A
Thr1393 -1.36 0.52 0.08 0.65 -0.14
Val1395 -0.82 -0.28 -0.01 -0.02 0.06
Val1900 0.08 0.51 0.27 1.11 0.69
Leul872 -0.60 0.05 0.02 0.01 -0.02
Argl261 -4.46 3.37 -1.63 2.67 2.53
Tyr1902 0.04 0.81 1.85 0.73 0.68
His1904 0.01 0.41 0.47 1.11 0.90
Asnl387 -0.05 1.32 -0.01 0.50 0.29
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4.0 Conclusions

In this study, we have investigated how conformational dynamics of the WT TET2-Fe(IV)=0/dsDNA
complex and single and double mutations (generated in vitro and with clinical implications in human
patients) influence key structural determinants and the catalytic mechanism of the oxidation of SmC dsDNA

substrate to ShmC using MD and hybrid QM/MM computational approaches.

The studies reveal that the substitutions affect the substrate’s binding and the DNA interactions to the TET2
enzyme, thereby affecting the overall structural stability of the protein-DNA complexes. We identified
hydrogen bonding interactions that are not present in the binding sites of the substrate and the succinate
binding in the WT. The GS linker and the Cys-rich N-terminal (Cys-N) subdomain correlated motions
contribute stronger to the DNA interactions to TET2 in the WT than in the mutant forms, thus enhancing
the overall structural formation in the WT. The calculated energy barriers show that the mutations decrease
the rate of the SmC oxidation to ShmC in comparison to the WT. The calculated rate-determining HAT
barrier for the WT is in good agreement with other reported Fe(Il) and 20G dependent enzymes.
Remarkedly, the results enabled us to identify key residues that are crucial for the HAT during the oxidation
and to delineate their energy contributions and crucial long-range correlated interactions. The calculations
reveal that the K1299E-S1303N variant uses -pathway for the HAT. In contrast, the WT and other mutants
use o-pathway for the HAT, implying that residue substitutions can influence the molecular orbital
interactions. The electric field calculations reveal the importance of conformational changes and mutations
to alter the electric field along the direction of Fe=O bond, thus contributing to efficient catalysis. For
example, the K1299E-S1303N and Y 1902 A mutants with similar O-H distances and Fe-O-H angles as WT
show a higher HAT barrier, as the intensity of the local electric field along the direction of the Fe=O bond
are reduced in mutant forms. The synergistic effects between the substrate orientation, internal electric field
and long-range interactions contribute to the overall stability of the transition states in comparison to the
reactant complexes. Kinetic isotope effect (KIE) calculations for the rate-determining step are in good

agreement with the energy barrier, suggesting low tunneling contributions. The KIEs for the single mutant
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forms are weakly dependent on temperature, while in the double mutant forms, the KIEs strongly depend
on temperature, especially at lower temperatures. Our calculations provide a molecular basis to understand
the molecular pathology involved in the human TET2 enzyme and emphasize the crucial effects of protein

sites in the second sphere and beyond on the catalytic events.
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Analysis of molecular dynamics and QM/MM optimized QM geometries with spin densities, and Cartesian
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